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2ABSTRACT
Rayleigh Waves from Mid-Ocean Ridge
Earthquakes: Source and Path Effects
by
Donald James Weidner
Submitted to the Department of Earth
and Planetary Sciences on June 15, 1972
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
The effect of the source has been separated from the
path effect on Rayleigh waves from mid-ocean ridge earth-
quakes. The separation is achieved by analyzing the
differential phase and amplitude ratio of the Rayleigh
waves from a pair of close events with different focal
mechanisms. This analysis eliminates the path effect on the
Rayleigh wave spectrum and preserves the difference between
the source effects. By matching the observations with
theoretical models a best description of the sources is
derived.
The two mid-Atlantic ridge dip-slip events that we
studied have a focal depth of only 3 ± 2km beneath the
ocean floor. Two dip-slip events in the northeast Pacific
have depths consistent with these results but with an
uncertainty of 20 km. The depths of two mid-Atlantic
ridge strike-slip events are 6 ± 3 km. Two strike-slip
events in the northeast Pacific are shallower than 25 km.
The phase analysis greatly aids the amplitude analysis
and, for these events, is indispensable.
The final depths and focal mechanisms are used to
compute the initial phase of the Rayleigh wave. The
single station phase velocities are determined in the
period range 20-100 sec for several paths in the Atlantic
Ocean-to an accuracy of ±.02 km/sec. The resultant phase
velocities indicate a 40 km thick lithosphere under ocean
basins and very low shear velocities under ridges for
depths greater than 20 km. Large lateral variations in
phase velocity for ocean basin regions appear to result
from the lateral variations in sediment thickness.
Theoretical and observational evidence suggests that
oceanic sediments are responsible for many of the Rayleigh
wave characteristics.
These characteristics include prograde motion at
periods as long as 40 sec, the existence of an inversely
dispersed higher mode at these periods, and loss of
periods shorter than 15 sec by attenuation or scattering.
The interference observed for some stations suggest
that the ridge may scatter Rayleigh wave energy into the
ocean basin. The scattering is not from a single point
but more likely along the extent of the ridge.
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CHAPTER 1. INTRODUCTION AND REVIEW
All earthquake generated signals which are recorded on
a seismograph contain information both about the source and
about the medium along the path that the signal traversed.
The essence of seismology is the separation of the source
and path effects and the resultant interpretation. The
separation of path and source is fairly straight forward
for several characteristics of body waves. First motions
of P-waves and polarization of S waves are directly related
to the Earth motion at the source. The arrival times of
these waves yield information about the velocity structure
of the Earth. Surface waves are less amenable to such an
analysis. Since these waves are generally dispersive, the
first motion cannot be deduced directly from the seismogram.
Without knowing the first motion of the source (initial
phase), the phase delay due to propagation cannot be deduced
from an analysis of only one record.
It is important that we do separate the source and
path effect for surface waves. The information contained
in the surface wave record supplements rather than duplicates
the information of body waves. In particular, body waves
poorly define source depths if there are no observations
close to the source. Depth information is contained in both
the phase and amplitude character of the observed surface
wave. Phase velocities of a region yield insight concerning
the velocity and density structure that cannot be deduced
from only body wave data. To be able to distinguish between
the structures of various regions, we wish to have short
paths which are restricted mainly to one region. Due to
the sparsity of stations in the oceans, we are required
to use the earthquake itself as one of the stations. We
must, therefore, know the focal mechanism and depth of
the earthquake in order to calculate the initial phase
of the surface wave.
The task of this thesis is to separate and interpret
the source and path effects on Rayleigh waves from mid-
ocean ridge earthquakes. The separation is effected by
first comparing the amplitudes and differential phase of a
pair of earthquakes in the same source zone with the cor-
responding theoretical values. The use of the differential
phase allows us to eliminate the effect on phase of propa-
gation. If the mechanisms of the two events of a pair are
different, we have not lost generality since the depth
dependence of the phase of the two events will be dif-
ferent. If, on the other hand, both events are identical,
-1-1- 1-1- M -
then the solution would be degenerate. With this analysis,
we can determine the best combinations of depths and source
mechanisms for the two events. Once we can so characterize
the source, we can calculate the initial phase of the
Rayleigh wave. The next step is to determine the phase delay
due to propagation and hence the phase velocity for many
oceanic paths. Knowledge of the source also allows us
to calculate the excited amplitude of the Rayleigh wave
from which we can deduce the effect of propagation on
amplitude.
In Chapter 2, we focus on the source effect. We find
that all ocean ridge events studied are located in the
upper 6 km of the oceanic crust. Dip-slip events appear to
be slightly shallower than strike-slip events. The Rayleigh
wave phase was a better depth diagnostic for these events
than the Rayleigh wave amplitude.
The Rayleigh wave phase velocities are obtained for
many Atlantic paths in Chapter 3. Both ocean basin and ridge
structures are deduced. The ridge is characterized by very
low shear velocities over a broad depth range compared to
the basin. Large variations of phase velocity in the
ocean basins can be explained by variations in sediment
thickness.
Some aspects of the Rayleigh wave amplitude
characteristics are not predicted by the deduced source.
In particular, periods shorter than 15 sec. are not
generally observed even though they should be excited.
Also, amplitude variations due to interference are observed.
In Chapter 4, these observations are analyzed and propaga-
tion effects are postulated that may give rise to the
observations. Special attenuation is directed towards the
effect of low-rigidity sediments on the Rayleigh wave.
In some cases large effects are predicted and observed at
periods as long as 40 sec. We also see evidences which
suggest that very thin sediments are responsible for the
loss of short period Rayleigh wave energy.
In the remainder of this chapter, we will present
a review of Rayleigh wave analysis as used for deducing
information about the source and path. This chapter will
conclude with a brief discussion of the nature of Rayleigh
wave source phase.
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1.1 Review
The basic principles concerning the nature of surface
waves have been understood for close to a century
(Rayleigh, 1885; Love, 1926). However, it has only been in
the last two decades that great strides have been achieved
in the understanding of the source and the path from
surface wave analysis. In this section we will follow this
recent development of surface wave analysis. We hope to
cover many of the important works, however, it would be
presumptuous to claim completeness because of the voluminous
literature on the subject.
The group velocities are the most easily exploited
surface wave property which is dependent on medium
structure. One of the earliest observed differences between
oceanic and continental Rayleigh waves was the very long
duration of the oceanic signal. Ewing and Press (1950)
using the technique of Stonley (1926) were able to explain
this difference in group velocity characteristics as due
only to the water layer. However, it soon became clear
that the thickness and composition of the oceanic crust
were different from that of the continental crust in
agreement with body wave studies. A summary of the early
15
observations of the group velocities for short period
Rayleigh waves was given by Press and Ewing (1955).
Group velocity analysis was extended to longer periods
(400 sec) by Ewing and Press (1954). They observed and
identified long period Rayleigh waves that had made several
passes around the Earth. These long periods yield
information about the velocity structure of the mantle
and Takeuchi et al (1954) concluded from the group
velocities that there must be a mantle low velocity zone.
Dorman et al (1960) found results concordant with Takeuchi
et al concerning the existence of a low-velocity zone.
In their thorough study, they further concluded a difference
between the depth of the velocity reversal under continents
and oceans.
While group velocities can give information about the
Earth's interior, phase velocities have more potential in
regional analysis since they can be measured more accurately.
Also, phase velocities are necessary to deduce information
about the source phase. Crustal structure was first success-
fully deduced from Rayleigh wave phase velocities by Press
(1956). The phase velocity was measured using three-
station arrays. Such analysis used the earthquake only to
generate the signal and did not require a detailed under-
standing of the source. This technique was subsequently
used by Press and Ewing (1959) to deduce the crustal
structure of the United States.
Brune et al (1960) describe a technique for measur-
ing phase velocities using only one station. The approach
required that the phase of the source be known or at least
independent of.frequency. This latter assumption may be
true for some particular focal mechanisms-but in general it
is not valid (Knopoff and Schwab,1968).
Brune et al (1960) also developed a method for finding
phase velocities from two stations along the same path
from the earthquake by comparing the phase at the two
stations for the same frequency. Sato (1958) was the first
to deduce phase velocities of G waves by comparing the
phases of waves travelling many times around the Earth.
Nafe and Brune (1960) extended the phase velocity analysis
of Rayleigh waves to longer periods by using the data of
Ewing and Press (1954) for globe-encircling waves. Their
results were corrected (Brune et al, 1961a) by including
the polar phase shift.
Using these techniques, several authors have analyzed
the seismic surface wave to deduce regionalized structures
of the Earth. For the reader interested in pursuing this
topic, several good review articles are available (Oliver,
1962; Ewing et al, 1962; Oliver and Dorman, 1963; Kovach,
17
1965; Brune,1969; and Dorman,1969).
We now turn our attention towards the extraction of
information about the source from surface waves. The phase
of surface waves was used as early as 1930 by Byerly to
deduce properties of the source. At this time, however, it
appeared more straight forward to, use body waves to find
source information. The theoretical initial phase could be
calculated for very simple models since Lamb(1904);however,
the difficulty was removing the effects of propagation. As
a result almost three decades passed with little effort directed
towards interpreting the initial phase of surface waves.
Analysis of the initial phase was renewed by Tukey
(1959) ,Aki(1960a-d,1962a,1962b),Brune(1961,1962), and
Brune et al (1961b). Aki(1960a) compared the initial phase
of Love waves generated by different earthquakes. His
main goal was to distinguish between single-couple and
double-couple source mechanisms. The effort of the other
papers of these authors was directed towards deducing the
initial phase. The initial phase was determined by sub-
tracting the effect of propagation from the observed phase.
For this purpose they were required to know the medium
phase velocities which were found using one of the techniques
previously described. Once the source phase was determined
they could define the focal mechanism for long period
waves and compare it with that for short period body
waves. The analyses were somewhat limited in that there were
no calculational techniques available for finding the
theoretical initial phase for an arbitrary focal mechanism.
Calculations of theoretical surface wave phase and
amplitude were developed by Yanovskaya(1958), Ben-Menahem
(1961), Haskell (1963), Haskell (1964), Harkrider (1964),
and Ben-Menahem and Harkrider (1964). Their models of the
earthquake included varying combinations of mechanisms
involving point sources or propagating sources, a force, a
single-couple, or a double-couple with fixed or arbitrary
orientation and media which were homogeneous half spaces
or layered half spaces. The net result was that in the
span of a very few years it was possible to calculate fairly
realistic excitation functions for the surface waves.
The theoretical capabilities added new flexibility
which began a second stage of source analysis using surface
waves. This second stage used both phase and amplitude
observations, corrected to the source, to deduce information
on the fault dimensions of both natural earthquakes and
explosion generated earthquakes. Some of the major studies
in this era include Press et al (1961), Ben-Menahem
and Toksoz (1962, 1963 ab), Toksoz and Ben-Menahem (1964),
Toksoz et al (1964, 1965), Brune and Pomeroy (1963), Aki
(1964, 1966). Aki (1966) further used the surface wave
19
to deduce the seismic moment, energy release and the
stress-strain drop.
More recently, the scope of source analysis has
broadened to include smaller earthquakes. These earthquakes
can be considered as point sources for the 15-50 sec
surface wave, allowing information other than finiteness
to be derived. Such information includes moment and
attenuation for these periods (Tsai and Aki, 1969), and
focal depth (Tsai, 1969; Mendiguren, 1971; Tsai and Aki,
1970). These studies utilized the surface wave amplitude.
The difficulty in using the phase results from the lack
of phase velocity observations for these periods in many
regions of the Earth. It is the attempt of this work to
overcome this problem.
1.2 The Source Phase
In this thesis much emphasis will be directed towards
the initial phase of Rayleigh waves. The remainder of this
chapter will be devoted to describing the nature of the
Rayleigh wave initial phase in the light of providing the
reader with some insight related to this property.
20
Many wavelengths from the source the fundamental
mode Rayleigh wave is generally manifested by elliptical,
retrograde surface motion. The phase at this point at
some time can be considered as the angle between the
vertical and the ground position as measured from the center
of the ellipse. The initial phase of the Rayleigh wave is
the phase of this wave at the epicenter and at the origin
time of the earthquake. Such may be thought of as the
first motion of the Rayleigh wave. However, we must bear
in mind that the actual first motion that we might record on
an instrument sitting at the epicenter will reflect near
field motion that we are not considering. Thus, to be
strict, the Rayleigh wave initial phase should be defined as
the first motion of the far field Rayleigh wave.
The definition of phase often has an inherent ambiguity
in sign and in magnitude by an additional factor of 2nff
Cn:integer). Here we define the sign such that the observed
phase is given by
4, =T (1.1)
obs '1
where T is the time between the beginning of the record
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time window and the peak in the vertical ground motion of the
Rayleigh wave with frequency, w. In practice the phase is
obtained from the Fourier transform of the Rayleigh wave or
A(w)ei *obs(f) = fft)e dt (1.2)
where T1 is the time between the earthquake and the begin-
ing of the time window. The observed phase is still uncer-
tain with an addition of 2nfr.
This ambiguity is only important when we wish to
determine phase velocity and it can be removed by re-
quiring that the phase velocity at some period fall
within a given limit which is based on a priori knowledge.
The sign convention for the initial phase follows from
the definition of the observed phase related to the origin
time,4obs+wTl, in terms of initial phase,*f , instrument phase,
$inst' and path delay, kx, or
obs T kx + inst +$ + 2nr (1.3)
From this equation, the relation for phase velocity (equation
3.1) follows by dividing both sides by 27T and defining
phase as fractions of 2n radians with w in Hz.
The initial phase, of, defined here is related to that
defined by Brune et al (1960), #B, and to Aki's (1962a)
22
initial phase, $A'
$f = - /4 - B$= - *(1.4)
- B A
The Tr/4 factor is the phase shift due to geometrical
spreading and was not included in the initial phase
definition of Brune et al (1960).
Here we will use the convention of Tsai and Aki (1970)
concerning the focal mechanism. They further give the
necessary relations for the initial phase of the Rayleigh wave
with the sign convention used here. From their expressions,
it is possible to derive symmetries of the initial phase
radiation. The real part depends on the azimuth, Az,
as sin 2 Az or cos 2Az.The imaginary part varies in sin Az
or cos Az, requiring
$ (Az) = const - #f(Az + ) (1.5)
where the constant is independent of the fault geometry,
source depthand frequency. On the other hand, the ampli-
tude of the Rayleigh wave behaves as
A(Az) = A(Az + T) (1.6)
These relations are certainly true only for point
sources.
The azimuthal pattern of the initial phase can be
observed in Figure 2.2.for a dip-slip event for different
depths as well as different source media. The assumed
media has very little effect on the Rayleigh wave while the
depth changes both the azimuthal and the frequency
dependence. In Figure 1.1, we show the initial phase for
different mechanisms and different depths at a given
azimuth as a function of frequency. These curves may be
helpful in obtaining a qualitative understanding of the
dependence of the initial Rayleigh wave phase on the
variables. The initial phase for the strike-slip event
exhibits a rather gradual dependence on frequency compared
with the dip-slip event. If we had considered a purely
strike-slip mechanism with a vertical fault plane, the
frequency dependence would become a step function. For
3
shallow depths, the value would be 3 7 changing by fT
at greater depths. Furthermore, crossing a nodal line
changes the phase by T. The initial phase for the dip-
slip event exhibits a step-function behavior with frequency.
As we see from the radiation pattern of Figure 2.2, the
behavior with frequency varies with azimuth.
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CHAPTER 2. FOCAL MECHANISM AND DEPTH OF MID-OCEAN
RIDGE EARTHQUAKES
2.1 Introduction.
Mid-ocean ridge earthquakes play a major role in the
current global tectonic arena. For this reason, it is
desirable that we have a complete description of the source.
Arrival times and first motions of P waves supply us with
fault plane information and epicenter location. However,
an accurate depth determination using only body wave
arrival times is impossible for most of these events be-
cause of the lack of nearby stations.
Surface waves can serve as an alternative to body waves
for determining the depth of earthquakes. Tsai and Aki
(1970) have shown that a precise determination of focal
depth can be obtained from the amplitude spectra of sur-
face waves with periods 10 to 50 sec, using flat-layered
earth models and dislocation source. Their computational
technique is based on Saito (1967). Tsai and Aki concluded
that the technique can be applied to events of magnitude
6 or less provided that the fault plane solutions are known,
and they demonstrated the accuracy of the method by applying
it to several earthquakes with known focal depths. Tsai
(1969) applied this technique for Rayleigh waves to many
earthquakes in the mid-ocean ridge system and obtained an
interesting result; namely, all strike-slip earthquakes
along the fracture zones are very shallow (about 5 km below
the ocean floor), while the dip-slip events are as deep as
65 km. This latter result was very puzzling in view of the
expected high temperature and ductility at these depths
under the ridge.
In this chapter, Tsai's conclusions regarding the depths
of these events will be re-examined. In addition to using
the amplitude spectra of Rayleigh waves, the phase spectra
will be utilized. We will always use the differential
phase between a pair of close events to avoid the effect
of propagation on the spectra.
We shall conclude, with greater confidence, the ex-
treme shallowness of strike-slip earthquakes in the fracture
zone. However, we shall find conclusive evidence that the
dip-slip earthquakes studied here cannot be as deep as
assigned by Tsai. In fact, they appear to be slightly shal-
lower than the strike-slip events.
In general, the phase spectra are more sensitive to
focal depth than to small changes of the focal mechanism.
Amplitude spectra are ambiguous in defining the depth for
the frequency range examined.
2.2 Description of method.
In this chapter, we shall be concerned with Rayleigh
waves and not Love waves. Fundamental-mode Love waves
with 10 to 50 sec periods are not efficiently generated
in an oceanic structure. For shallow dip-slip events, the
higher modes are often more excited than the fundamental
mode. For the present analysis, these higher modes serve
as contamination rather than as signal. Furthermore, the
calculated spectra of Love waves are more sensitive to the
assumed structure than depth as compared with Rayleigh
waves.
2.2.1 Assumptions and limitations of theoretical model.
The theoretical amplitude and initial phase spectra
for Rayleigh waves depend upon the medium structure, the
depth of source, the orientation of the source double-
couple, the fault length, the rupture velocity, and the
source-time function. In the present analysis, the focal
depth and exact orientation of the source are considered
unknowns. The focal mechanism is constrained to be simi-
lar to the focal mechanism determined from the first mo-
tion of P waves. We will assume that the source can be
represented by a point dislocation with a step-time
function. We consider the medium to have a Harkrider-
Anderson oceanic structure (1966). This structure was
also used by Tsai (1969).
Following Tsai and Aki (1970), we can estimate the
effect of a non-zero source rise time on the initial phase.
Assuming that the source-time function varies as 1 - et/
then the source phase is altered by at most wT, where T
is the characteristic time of the source and w is the
angular frequency. For T = 1 sec, 50 sec waves are
affected by only 2% of 2ff while 10 sec waves are affected
by 10% of 2w.
The finiteness of the source alters the initial phase
by no more than + - (Ben-Menahem, 1961), where L
is the length of the fault, V is the rupture velocity,
and c is the phase velocity. For L = 10 km and
V = 3 km/sec, we find that the initial phase of 50 sec
waves is affected by at most 6% of 27, 20 sec waves by
15% of 2n, and 10 sec waves by 40% of 27. In the section
concerning error analysis later in this chapter, we will
conclude from observations that the source finiteness and
rise time do not affect the results for the earthquakes
studied. However, they must be considered in any analysis
of larger earthquakes or shorter periods.
We can also estimate the effect of the assumed medium
on the theoretical Rayleigh wave spectra. Mendiguren
(1971) demonstrated that the essential feature of the
amplitude radiation pattern was not seriously affected
by the assumed medium structure. He compared the Hark-
rider-Anderson oceanic model with a homogeneous half-
space and found quite similar results on the frequency
and depth dependence of the radiation pattern. Here, we
compare the theoretical source amplitude and phase for two
very different structures. The structures are given in Figs.
2.1 + 3 .23 .One structure is the Harkrider-Anderson model
and the other is made to resemble a possible ridge struc-
ture deduced from the results of Chapter 3. The radiation
pattern for both phase and amplitude of 20 and 50 sec Ray-
leigh waves is illustrated in Figure 2.2corresponding to
different depths of a dip-slip source.
A quantitative discussion regarding the effect of this
different source structure will be given in the section
concerning error analysis. However, it is apparent from
Figure 2.2that depth is the controlling parameter for a
given fault plane solution.
2.2.2 Elimination of path effect
In order to determine the focal mechanism and depth
of an earthquake, we must compare the theoretical amplitude
and initial phase with the observed spectra of Rayleigh
waves. The observed spectra will contain source information,
but it may have been altered by the path. Some of the path
effects, can easily be determined and corrections can be
made to the observations. In particular, the amplitudes
can be corrected for geometric spreading and both the
phase and amplitude can be corrected for instrument response.
Other effects are less easily eliminated. If attenuation
is a strong function of frequency, we might attribute the
low amplitudes at a given frequency to a source effect,
giving us erroneous conclusions. Illustrated in Figure 2 .3
are the results of a mechanism that could give rise to a
strong frequency-dependent attenuation. In this figure we
see the effect on the dispersion and the vertical displace-
ment eigenfunction due to a 1 km layer of sediments with a
shear velocity of .2 km/sec, overlying a Harkrider-Anderson
oceanic structure. We should note the dramatic effect on
Rayleigh waves with a 20 sec period. The eigenfunction for
20 sec should be compared with the 18 sec and 25 sec eigen-
functions. We see a large increase in displacement in the
sediment layer. Stress or strain will be related to the
derivative of this curve and energy to the square of the
derivative. Clearly, the sediments are trapping much of
the energy. This phenomenon will give rise to an apparent
attenuation for two reasons. First, if the sediments are
attenuating then the Rayleigh wave will be attenuated due
to the large concentration of energy in this layer. Several
authora (see chapter 4) suggest that Q for sediments may be
in the range of 10-25. Secondly, the period that is severely
affected by the sedimentary layer is given by the relation
aT 4 (2.1)
H
where 6 is the sediment shear velocity, H is the thick-
ness and T is the period most affected. If the sediment
thickness or shear velocity changes, then so will the critical
period. For a wave propagating through a heterogeneous medium
we must match boundary conditions in both displacement and
stress. Thus, changing the critical period will give rise
to large impedance mismatches and scattering will result.
This effect will be discussed in more detail in chapter
4. It suffices to say here only that attenuation can be
quite frequency-dependent at short periods resulting from
fairly realistic models.
In order to correct the observed phase for propagation,
we must know the phase velocity of the path very accurately.
The propagation changes the phase by Wx/c where x is
epicentral distance in km, c is the phase velocity in
km/sec, w is the frequency in Hz and the phase correc-
tion is given as fractions of 2fr radians. Since x is at
least 2000 km, a small change in c will give rise to a
large change in the correction.
Both amplitude and phase can be grossly affected by
propagation. To eliminate this effect we consider pairs
of events whose epicenters are close but whose mechanisms
are different. After correcting for geometric spreading
and instrument response we compare the observed amplitudes
of each event to the theoretical amplitudes. In addition
we compare the ratio of the amplitudes for the two events
with the ratio of theoretical amplitudes. This last com-
parison eliminates any linear path effect. In chapter 4,
we will discuss path effects that are not eliminated by
this analysis.
The path effect on phase can be mostly eliminated if we
compare the differential observed phase with the corresponding
theoretical value. The observed differential phase is given
by
obs (x -x 2 )
o _1 - 2+ T- T2  c inst
where $1 and $2 are the observed phases for the two events,
T - T2 corrects for origin time and digitization time dif-
ferences, (x1 -x2 )/c corrects for the epicenter differences
and A$. corrects for instrument differences. Aobs isinst f
then the difference in initial phase for the two events.
Uncertainty in phase velocity will give rise to small errors,
since we must correct at most for the distance between the
events. For the two pairs of events extensively studied
here, the epicenters were separated by only about 100 km and
700 km. By comparing the observed differences in initial
phase to theoretical differences we have essentially elimi-
nated path effect. We have not lost generality if the two
events have different mechanisms since the depth dependence
of initial phase is different for different mechanisms.
2.2.3 Data analysis
We have restricted our analysis to the period range
20-50 sec. We believe that we are receiving signals in
this range. We do not include shorter periods because they
were not generally present on the seismograms. Their absence
could be due to the source or to the medium. With the likeli-
hood of the latter due to sediment effects, we chose not to
include these periods. It was the absence of these short
periods which led Tsai (1969) to conclude the very deep
focus for the dip-slip events.
The data used in this study come from the World Wide
Seismic Station Network (WWSSN) with a few stations from the
Canadian Network. Normally only the seismograph of the
vertical long-period instrument was digitized. The beginning
of the time window defined by digitization was usually de-
termined so as to include waves with group velocities less
than about 4.2 - 4.3 km/sec. The end of the time window was
more subjective and was based on our judgement that we were
seeing only coda of the Rayleigh wave. In general the length
of the time window ranged between 10-30 min. Determinations
of energy vs. group arrival time suggest that we did not ex-
clude any Rayleigh arrivals.
The amplitudes for 5 frequencies in the range of inter-
est were obtained by averaging the amplitudes of the Fourier
transform over intervals of .005 Hz after correcting for
the instrument response. The amplitudes were then corrected
for geometric spreading.
The phase was obtained from the Fourier transforms both
of the raw data and data that had been passed through a
time-variable filter. Time-variable filtering involves two
steps. First, the group velocity was determined using the
technique of Dziewonski et al. (1969). This technique in-
volves determining the velocity of an envelope which con-
tains frequencies centered about a specified period. After
the group velocity is determined the record is filtered in
time with a filter that is designed to pass those frequen-
cies which are arriving at the particular time (Landisman
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et al., 1969). In practice, a given period T is windowed
in time by the function:
o t < ta
W(t) cos 7[t-x/U(T)] (2.3)
tb-ta
o t > tb
where x is the epicentral distance, U(T) is the group
velocity for the period, T, and
t x dU(T)
ta =U1T) - T a+6 dT
and (2.4)
t x dU(T)+
tb U(T) + T +s dT
In general we set a = 3.5 and 6 varied between 20 and
80, the variations roughly comparable to path length varia-
tions. A comparison of the results based on analyzing the
raw data and one based on time-variable filtering will be
given later in this chapter, in the section discussing the
results of the analysis.
The final step in the data analysis was to compare
the observed amplitude and phase to theoretical models in
order to deduce the focal mechanisms and depths of the
earthquakes. To this end let us define the parameters
obs T 2
2 _ i(A4) - AcfT)
* EW.
2 _ EWi(lnAobs- lnAT )2
aAl ~ i EW.
2 _ Ei ln(Aobs /Aobs) - ln(A T/A T)
Al, 2  EW. (2.5)
The superscript obs refers to observed quantities, the
superscript T refers to theoretical quantities, the A's
are amplitudes with subscripts distinguishing events, and
A obs has been defined in equation (2.2). The sums are toA4f
be executed over frequency and stations. The W's are
weights assigned to the observations. For phase, these
weights are proportional to the observed amplitudes since
large amplitudes suggest less noise in phase. For the am-
plitude terms the weights are designed to minimize the con-
tribution to the sum for stations in the theoretical nodal
direction. This is a reasonable approach since there will
always be some signal which will scatter into the nodal
directions and, since we are comparing logarithms, we would
get a large contribution to the sum from this noise. The
various a 2s are calculated from several source models.
We first specify a range of focal mechanisms that are
reasonably consistent with the first motion observations
of P waves. We also specify a number of depths in the
range from 1 - 65 km. We then calculate the a 2's for
all permutations of the parameters for both events con-
sidered. After finding a region of minimum a 2's we can
refine our focal depths and mechanisms.
2.3 Results
2.3.1 Earthquake pairs
We have extensively studied two pairs of events in the
north Atlantic. Pertinent epicentral information is given
in Table 2.1. The locations of the events and stations
analyzed are illustrated in Figures 2.4-2.7 . These are
equal-azimuthal projections where straight lines from the
events are great circle paths. The stations were chosen
so as to give maximum azimuthal coverage with as pure
oceanic paths as possible. We always attempted to obtain
the records from the same stations for each event of a
pair.
Illustrated in Figs. 2.8& 2 .9are the fault plane solutions
which are compatible with the Rayleigh wave analysis, super-
imposed on the P wave first motion lower hemisphere. P waves
for events 3 and 4 are from Sykes (1967). The solution for
event 1 was also reported by Sykes (1970) and independently
determined by Solomon (private communication). The body
waves for event 2 were read by the author.
The main point of interest is that the fault plane
solutions for the two events in each pair are different.
This is necessary if we hope to use phase differences to
determine focal depth and mechanism. The Rayleigh wave
fault plane solutions agree generally with the body wave
solutions. However, the details of the body wave solutions
may well be in error. Assumed in the interpretion is a ver-
tically layered medium. This assumption is probably not
valid near the source. The major effect of lateral velocity
variations would be erroneous dip determinations. Thatcher
and Brune (1970) suggest that the deduced P wave nodal plane
may be in error by 10 - 200 for dip-slip ridge events. Thus,
while we can easily make our Rayleigh wave solution more
compatible with the body wave solution, we did not choose
to do so.
The results of the data analysis are illustrated in
obsFigs.2.10-2.25. Figs.2.10-13show the terms A$ f as a
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function of frequency for each event pair. Superimposed on
these curves are the theoretical curves for the final source
mechanisms and depths. The distance correction for phase
(equation 2.2) assumed the phase velocity of the Harkrider-
Anderson oceanic model. These figures show the term Aobs
Af
which was calculated both from the raw data and from the time-
variable filtered data which are smoother and consistent to
longer periods. In fact, time-variable filtering the data
reduced a by 25% for the best solution of event pair I.
This strongly suggests that this technique does indeed reduce
the noise without introducing an undesirable phase shifting.
The amplitudes as a function of frequency are shown in Figs.
2.14-2.25. Again the theoretical values are given for the
best source mechanism.
As indicated in the last section, the best source was
determined by finding a source mechanism and depth which
minimized the various a 2 terms. Figs. 2.26 and 2.27 illustr-
ates the effect on the a2's of varying each of the fault
plane parameters about our best solution. The depth of the
2
events are unambiguously defined by the minimum in a . No
combination of mechanisms and larger depths gave values close
to the minimum observed here. The same was not true for amp-
22litudes. Deep focal depths in fact yielded values of a l and
aAl, 2 which were slightly smaller than the values for shallow
depths. However, we do see strong local minima in those terms
corresponding to the same depths that the
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a2 term has its absolute minimum. We do not wish to con-
clude that amplitudes cannot be used for determining focal
depth for oceanic earthquakes. Mendiguren (1971) was able
to define a unique depth for a shock in the Nazca plate
usinq amplitudes. However, for that event, the Rayleigh
wave radiation pattern contained a very definite depth sig-
nature. Different frequencies had different directions of
maximum amplitudes. The events studied here did not have
such a pattern. Since the events are so shallow, the radi-
ation pattern changes at much higher frequencies than we
studied. These high frequencies are, however, probably lost
due to the effects of sediments that we have already dis-
cussed. The theoretical amplitudes of these longer periods
are quite similar for both a shallow and a deep focus,
making it difficult to distinguish between them.
The depths of the dip-slip events are very well defined
to be about 3 km beneath the ocean floor. The depths of
the strike-slip events are less well defined and possible
depths include the range 3-10 km. The poorer resolution of
depth for the strike-slip events results from the fact that
the phase does not change significantly with depth until a
critical depth is reached, at which point the phase changes
by r. These depths are consistent with the deduced crustal
hypocenters of Thatcher and Brune (1970) for earthquakes in
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the Gulf of California.
While the a2's are very sensitive to depth, they are
only mildly sensitive to the focal mechanism, as can be
seen in the other curves of these figures. This observation
merely reflects the fact that the phase and amplitudes do
not change appreciably except near the nodes of the radia-
tion. We are, however, able to define a fairly accurate
slip vector for the event of 2 June 1965. As can be seen
in Fig.. 2.8 the body waves only define one plane. With the
slip vector we are able to determine the second plane.
2.3.2 Other events
We studied four events in the northeast Pacific in
order to estimate their depths from a single-station phase
analysis. Relevant information for these events is given in
Table 2.1 and the results of the study are presented in
Fig. 2.28. Here we see the location of the events; the strike-
slip earthquakes being on the Blanco fracture zone and the
dip-slip events on the Gorda ridge. The data are presented
in terms of phase velocity deduced from the observed phase
and the theoretical initial phase which depends on focal
depth. For clarity only the 50 sec phase velocities are
given for the deeper foci. The curves will essentially
parallel the 3.5 km depth curve, converging with it at the
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shorter periods. For depth greater than 35 km the phase
velocities for the strike-slip events (7 and 8) will super-
impose on the 55 km depth curve. Changing the dip-slip
depths to 10 km does not significantly change the velocities
from the 3.5 km depth curves.
The only combination of depths that yield internally
consistent phase velocities are the shallow depths. We
can certainly claim that the depths of all four events are
much smaller than 35 km. This is in contradiction to Tsai's
(1969) depths of 55 and 33 km for the two dip-slip events.
Additional information on our phase velocities is obtained
by comparing the values deduced for 3.5 km depths with
Solomon's (1971) phase velocities of western U.S. His values
are illustrated in Figure 2.28 by the open circles. Indeed,
the agreement is good.
In this analysis we did not use the time-variable
filter technique to process the data. The largest uncer-
tainties are the locations of the events due to a poor
station distribution. Further refining the data would not
improve the accuracy of these depths.
2.4 Error Analysis
Several sources of error will contribute to the total
MMMM
uncertainty of our depth and mechanism determinations.
They include location and origin time uncertainties, effects
due to the finiteness of the source, effects due to an
erroneous earth structure used for calculating theoretical
values, and noise contamination of the signal.
In this section we will discuss each error source with
the hope of estimating whether or not it is significant and
if so, how much uncertainty it introduces into our final
results. We will restrict this analysis to the event pairs
that have been extensively studied.
2.4.1 Location and origin time
The analysis of this chapter relies not on an accurate
location of the events but on an accurate relative loca-
tion for the two events of a pair. This statement also
applies to origin time. The reason is that we only con-
sider distance and time difference and not their absolute
vlaues.
Presumably any location procedure with a common data
base will give much more accurate relative locations than
absolute locations. Three of the four earthquakes (all but
19 June 1970) were located by Sykes (1967, 1970) utilizing
a broad data base and restricting events 3 and 4 to be
shallow. Since this depth assumption of Sykes is born out
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by the present study, his locations are as accurate on an
absolute scale as is possible. The location that we used
for the 19 June 1970 event is from the United States Coast
and Geodetic Survey. They restricted the depth to be 33 km.
Once we determined the depth we used their reported P wave
arrivals and relocated the event using the master event
technique. The technique requires that one event in a
region be accurately located. Then the station corrections
for that event are determined and applied to a second event
in the same region. Only stations reporting both events
are used in the location of the second event.
The results of the relocation are given in Table 2.2.
When we assume Sykes' location of the 2 June 1965 event,
the epicenter of the 19 June 1970 event moves about 18 km
to the west. After introducing the corresponding correction
to the Rayleigh wave phase, we obtain the results for the
phase analysis which are illustrated in Fig 2.29. Again
the depths are well defined; however, the preferred focal
mechanism changes. The focal mechanism for the strike-slip
event that gives the lowest residuals is incompatible with
2the P wave mechanism. Furthermore, og has increased by a
factor of 2 for consistent focal mechanisms over the pre-
vious results. This increase corresponds to a 40% increase
in the residual's standard error of estimate while the new
location only improved the body wave standard error by 10%.
From this observation we might infer that the phase analysis
of Rayleigh waves can give a more accurate relative loca-
tion than the master event body wave approach.
Von Seggern (1972) was able to locate the nuclear ex-
plosion BOXCAR more accurately using a Rayleigh wave master
event technique than using a body wave master event approach
with the master event (FAULTLESS) 150 km from BOXCAR. Intro-
ducing location parameters into our regression analysis, we
can deduce the best relative location for the Rayleigh wave
phase analysis. In Table 2.3 we present the values of C2
deduced by moving the 19 June 1970 event 10 km north, south,
east and west. Here the values refer to the same focal mech-
anisms. However, as can be seen in Fig. 2.26, small changes
in focal mechanism are unimportant. We see that the original
locations are indeed the best with respect to this criterion.
The relative location of event pair II was only margin-
ally affected by using the master event approach, as can be
seen in Table 2.2.As a result, neither the fault plane
solutions nor the depth will be affected. Relocation using
Rayleigh wave phase information was indecisive. The events
are initially further apart than for event pair I and the
various paths are less similar giving rise to more noise in
the signal, as can be inferred from the oscillatory behavior
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of A#obs in Figs.2.10-2.13. These error sources tend to
mask the location errors.
2.4.2 Finiteness effects
A non-zero rise time and a finite fault plane with a
non-infinite rupture velocity as well as timing and mislo-
cation errors will produce a frequency-dependent bias in
the calculated source phase. A finite fault plane will make
this frequency dependence vary with azimuth. Such effects
are not apparent in the calculated initial phase presented in
Figures 2.10-2.13. If we compare the trend of these
curves for stations in the same general direction we see
no systematic variation over frequency that is not explained
by the theoretical variation. Furthermore, we do not see
any azimuthal variation. The major departures from this
general observation can be correlated with other phenomena.
In particular, the large phase changes for stations around
the Caribbean region can be correlated with amplitude vari-
ations. The source of these variations will be discussed
more thoroughly in Chapter 4. The variation in phase at
ESK for event pair I probably resulted from the effect of
the ridge part of the path. The events were not located
at exactly the same place and the Rayleigh waves experienced
different amounts of ridge for the two paths. Thus, the
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distance correction may not have been correct. Several
stations for event pair IIshow a sinusoidal variation of
observed initial phase difference with frequency. The
period of this phase fluctuation correlates very well
with the period of amplitude variations. We interpret
this phenomena as interference and will discuss its ori-
gin in chapter 4. The depth error due to interference
will be discussed later. Here we just wish to make the
point that we see no systematic variations that are attri-
butable to source finiteness or rise time.
The above arguments may be convincing as they stand,
but it is possible that we absorb the frequency dependence
in our source model or location by our regression technique.
In addition, if the rise time of each event were the same
as well as the fault dimensions and rupture direction,
these effects would cancel in our differential analysis.
It is still of value to make an absolute determination of
the limits of these terms. To this end we have determined
the phase velocity across the Atlantic using non-Atlantic
events and the two-station technique. Relevant maps are
given in Figure 2.30. As will be discussed in chapter
3, we obtained phase velocities for the Atlantic paths using
the single-station technique. From these paths (which are
indicated on the map in Figure 2.30) we were able to
calculate the expected cross-Atlantic phase velocities. A
comparison of the two resulting phase velocities is given
in Fig. 2.31. There are only a few sources of differences
between these curves, namely, origin time error for the
single-station curve, source rise time and finiteness of
the mid-Atlantic event, mislocation of the Atlantic event
perpendicular to the paths, and noise in either set of
data. The source phase uncertainty due to an improper
fault plane solution or depth does not enter this differ-
ence since the initial phases for azimuths separated by
180* add to a constant independent of frequency as long as
the source is a double-couple. Similarly mislocations along
the direction of path will not enter this difference. Of
the possible sources to a difference between the curves,
we conclude that noise in the cross-Atlantic signal is the
major contributor. The amplitudes of the signals are illus-
trated in Figure 2.32. Here we see the appearance of
a lot of interference. Indeed, the cross-Atlantic path phase
velocities appear to oscillate around the single station
phase velocities.
All of the error sources, other than the noise, change
the phase by a constant times frequency. For rise time,
the constant is twice the rise time, for finiteness the
constant is E, where L is the fault length and V the
rupture velocity, and for a timing error the constant is
twice the timing error. The result for the calculated phase
velocity should be a net increase or decrease which is
proportional to 1/c (w). There may be some indication of
this type of frequency dependence for the 1 May 1967 event
in that the shorter periods, with slower phase velocities,
show greater differences. We note that the amplitude at
TRN is very low at these short periods for the cross-
Atlantic path. Also, the path to TRN had some continental
path near the source which is not compensated for the mid-
Atlantic ridge events. We should, thus, focus our attention
on the longer periods. In this range the maximum differences
between the curves is about .02 km/sec with an average of
about .01 km/sec for both cross-Atlantic paths. A .01 km/sec
difference in the curves corresponds to about 4 sec in time,
which is an estimate of the accumulation of all source
effects.
Or
2T + 2AT + L < 4 sec (2.6)
where T is the characteristic rise time, AT is the origin
time uncertainty and L/V has been defined. We conclude that
these error sources are not affecting our final results.
2.4.3 Earth structure
We have assumed the Harkrider-Anderson oceanic structure
to calculate the theoretical initial phase and amplitude.
This structure may not be applicable to the source region.
However,we are equipped only to deal with laterally homogeneous
structures and the terms that we calculate are the far-
field radiation parameters. Therefore, an oceanic structure
may be more appropriate than a ridge structure. To discern
the effects of a different source structure, we have made
the limiting assumption that the entire medium had a ridge
structure. The structure used is illustrated in Figure 3.23
and theobservations leading to this structure will be dis-
cussed in Chapter 3. This model is characterized by a very
shallow low-velocity layer. Figure 2.2 illustrates the
radiation pattern of phase and amplitude for both the oceanic
and ridge structures. As can be seen, the Rayleigh waves
will be very similar for both structures. To further
estimate the uncertainties introduces into our source
mechanisms and depths, we assumed the ridge structure to
calculate the theoretical spectra for event pair I. The
results of this analysis are shown in Figure 2.33
and can be compared with the results assuming an oceanic
structure in Figure 2.26. Our conclusions are clearly
unaltered.
We used the phase velocities of the Harkrider-Anderson
structure to estimate the effect on initial phase due to the
path length differences. An erroneous phase velocity will
give rise to variations of the calculated initial phase
differences. As discussed earlier, we do not generally see
such an effect. For the 2 June 1965-19 June 1970 event pair,
we may see such an effect for ESK where the two paths
included different amounts of ridge. If we have miscalcul-
ated the path phase velocity by 1%, which as we will see in
the next chapter is a conservative estimate, then the phase
at 20 sec will be affected by 1% of 2w for the 2 June 1965-
19 June 1970 event pair and by 7% for the 16 November 1965-
17 May 1964 event pair. This small error is due to the
propinquity of the two events in an event pair and because
the error is
1
(A&) w (x1 - x2 )
where A- is the error in phase slowness.
c
The Harkrider-Anderson phase velocity model is dif-
ferent from the observed phase velocities of the ridge.
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There are several paths for event pair II which differ only
by ridge propagation. We, therefore, corrected for this
propagation by using the phase velocity for the ridge which
will be obtained in the next chapter. The stations corrected
included MAL, TOL, TRN and CAR. The net result was an
2
increase in a with changes in the preferred focal mechanism.
2
However, a could be lowered by moving the events closer
together. Again depth was not affected.
2.4.4 Noise
Sources of noise include multi-path propagation, contam-
ination of the Rayleigh signal with other phases, or the
absence of Rayleigh signal in the presence of the ambient
noise. Noise will be manifest as irregular variations in
the calculated phase differences.
In general, we find that phase and amplitude variations
are correlated. Note for example the US stations for 17
May 1964. Both amplitude and phase have a marked sinusoidal
character. Also, note BOG for 19 June 1970-2 June 1965.
Around .03 Hz there is a sudden change in the phase difference
which is correlated with low amplitudes. In fact, the phase
difference changes by 2w. The phase is inherently ambiguous
within an addition of an integer times 2w and we have lost
track of the integer in this region of low amplitude. AKU
for this event pair illustrates the effect of background
noise in the presence of a low amplitude signal. AKU is
close to the nodal line of the radiation pattern for both
events. We see little coherence in the phase difference.
If an extraneous signal interferes with the Rayleigh
wave, the resultant spectrum will be given by
A(w) = A0 (w) [1 + B(M) e ]T(W)] (2.7)
where B(w) and T(M) are real quantities, and B(M) is the
amplitude of the interfering signal while T(M) is the time
delay with respect to the Rayleigh wave. A (w) is the com-
plex spectrum of the Rayleigh wave. If the interfering
signal is in phase with the Rayleigh wave then WT(W) =
n2w and the observed amplitude is a maximum. Furthermore,
the phase of the observed signal is the phase of the Rayleigh
wave. It is for this reason that we weight the phase
residual by the observed amplitude in the regression study.
Such a weighting procedure emphasizes the in-phase portion
of the signal and deemphasizes the out-of-phase portion
where the interfering signal affects the observed phase.
Similarly, stations such as AKU, where the amplitude is
dominated by noise, receive little weight.
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It is instructive to compare the various amplitude
variances to estimate the relative contributions of the error
sources. Let us denote as c the noise amplitude error of
the recording. Let e2 be the amplitude error due to focus-
ing of the Rayleigh wave. We define focusing as a path
effect which depends only on the nature of ray path or which
similarly alters the amplitude from both events of a pair.
e3 is the amplitude error from the path which is different
for the two events of a pair. The difference can be due to
multi-pathing near the source or non-linear path effects
such as mechanism-dependent amplitude errors (see Chapter
4). e is the amplitude error introduced by attenuation.
Then
a2 + a 2Al2 A2 , 1 2 + E 22 + e 32 + e 42 (2.8)
while
A ,2 =2e2 + 2 e32 (2.9)
By comparing these terms, we can see whether
C 2 + C32 > 2 2 + C 2~1 2
For event pair I
2 2
Al A2
is 6% larger than a2Al,2 suggesting that the variance of
the noise plus the variance from c3 is about equal to
the variance from focusing plus the variance from attenu-
2
ation. For event pair 2, we find that 'A1,2 is slightly
more than twice al + a2 Thus, either the noise level
2
or e3 is the dominant error source. Since these events
are further apart than the event pair I events, we may
conclude the latter. Furthermore, we see strong inter-
ference for one event and not the other at several
stations. The source of the interference will be discussed
in Chapter 4.
The final judgement regarding the effect of noise on
2
the results must come from an analysis of the a terms.
The very strong dependence of these terms on depth
(especially a ) unambiguously shows that the noise is not
dominating the results, for if the noise were dominating,
we would expect no dependence of a2 on a physical
parameter.
2.5 Conclusion
All mid-ocean ridge earthquakes studied here are quite
shallow. Using many stations and pairs of events, we found
that dip-slip earthquakes occur in the oceanic crust. They
are in fact shallower than 5 km. The strike-slip events
appear slightly deeper. However, they may be as shallow as
3 km or as deep as 10 km. Other events studied in the
Northeast Pacific appear to be consistent with this result.
Here we used only one station to determine the depths and
the depth resolution was not as narrow. All we could con-
clude was that the depths were less than 25 km. Increasing
the number of observations would probably not enhance the
resolution since a wide azimuthal coverage would be dif-
ficult and the epicenter location is poorly controlled by
body waves.
The Rayleigh wave phase and amplitude both contain
depth information. For the earthquakes studied, the
amplitudes yield ambiguous depths. The amplitude analsysis
indicates that the depths are either shallow (3-6 km) or
deep (45-65 km). However, intermediate depths are
unacceptable . The phase analysis removes this ambiguity
and requires all depths to be shallow.
This study suggests that both Rayleigh wave amplitude
and phase should be used in depth and mechanism studies
wherever possible. To extract phase information, the
medium phase velocity must be well known or a differential
phase technique as employed here should be used. This
latter approach requires that at least two close events
with different mechanisms be studied.
The Rayleigh waves are reasonably insensitive to
variations in fault plane parameters as compared to depth.
Nevertheless, some fault plane information can be extracted
from the Rayleigh waves. For example, the auxiliary fault
plane for the 2 June 1965 event was determined from the
Rayleigh wave analysis. However, it is possible to some-
what compensate changes in focal mechanism with changes in
origin time and location.
The Rayleigh wave phase can also be used to determine
relative locations of two events. For event pair I, we
found that the Rayleigh waves were more sensitive than body
waves in defining the relative locations.
Summary of Earthquake Locations and Other pertinent Data
Mid-Atlantic Ridge Earthquakes
Event Pair Origin Time
Number Number Date h m s Latitude Longitude Magnitude*
2 June'65 23 40
19 June'70 14 25
16 Nov.'65 15 24
17 May '64 19 26
North-East
18 Apr.'65
20 June'65
14 June'65
7 July'64
3 Oct.'67
1 May '67
29 Apr.'67
4 Feb.'70
06 33
18 04
09 40
13 44
22.5
18.4
40.8
16.4
Pacific
58.8
32.1
9.5
40.1
15.96*N
15.4'N
31.030 N
35.29*N
Earthquakes
41.5 0 N
42.93*N
44.6*N
43.35*N
Other Earthquakes
18 16
7 9
0 4
5 8
5.8
3.0
43.1
48.0
10.940N
39.60N
51.1 0N
15.50N
46.79*W
45.9 0W
41.49*W
36. 07 *W
127.1 0W
126.29*W
129.5*W
127.2*W
85.92 0W
21.29 0 E
130.41*W
99.5*0W
* Body wave magnitude, U.S. Coast and Geodetic Survey.
+ Convention of Tsai and Aki (1970).
* From surface wave analysis
I
II
II
5.6
5.5
6.0
5.6
4.9
4.7
5.2
4.8
5.8
5.5
5.1
6.0
Mid-Atlantic Ridge Earthquakes
Event Momnt Focal mechanism + Reference for location
Number (dyne cm) Strike Dip Slip and body wave 1st motion
7. 82x10 24
1. 03x102 5
1. 2xl0 2 5
1. 94x10 25
150 t
8 o
0 o
0o t
500 t -1000 t
870 * 1600 t
1210* 540 *
760 t 60*
Sykes (1970)
US Coast and Geodetic Survey
Sykes (1967)
Sykes (1967)
North-East Pacific Earthquakes
Bolt et al(1968)
Bolt et al(1968),Tobin
and Sykes(1968)
Bolt et al(1968)
Bolt et al(1968),Tobin
and Sykes (1968)
3450
204 0
1180
1230
20 0
800
900
900
-90O
00
00
Table 2.2 Master event relocation of Mid-Atlantic ridge events
Master event
Date
Oribinal location of second event
Final location of second event
Origin
Time
2 June<1965 .23:40:22.5
17 May 1964 19:26:16.4
Lat. Long. Date Origin
T I me
15.9601 45.790W 19 June 1970 14:25:18.4 15.4 0 N
14:25:17.8 15.37 0 N
35.29N 36.070W 16 Nov. 1965 15:24:40.8 31.03ON
15:24:40.4 30.94 0 N
Lat. Long.
45. goW
46.08 0W
4.149 0W
4 1.*520W
TABLE 2.3
Variance of Rayleigh Wave Phase ResidUal
When Moving Event 2 with Respct to Event 1
Distance Moved (km)
2 (rad2) N S E W
.346 0 0 0 0
.430 10 0 0 0
.479 0 10 0 0
.638 0 0 10 0
.513 0 0 0 10
P (km/sec) a (km/sec) p (gm/cc)
lo00--
200k-
300r-
E
_I
CL
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DEPTHS 3.5 km OCEAN
STRUCTURE
DEPTH =27.5 km
DIPa 50*
SLIP= -100* -- ;.=-
/- /
/ /-
5 20 120
R IDGE
ST RUCT UREDEPTH =2.5 km DEPTH=26.5 km
FIGURE 2.2 The Rayleigh wave radiation pattern for
amplitude and initial phase corresponding to
different source depths and medium structures.
The amplitudes are given by the solid lines
the phase, in radians, by the dashed lines,
and the period is indicated in seconds.
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15. 20. 25. 30.
PERIOD (sec)
MODE L
p a 0 H
1.03 1.52 0.0 5.0
2.1 1.80 0.21 1.0
HARKRIDER- ANDERSON
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FIGURE 2.4 Paths and stations for the event of 2 June 1965.
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FIGURE 2.5 Paths and stations for the event of 19 June 1970.
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FIGURE 2.6 Paths and stations for the event of
16 November 1965.
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FIGURE 2.7 Paths and stations for the event of 17 May 1964.
FIGURE 2.8 Mechanism determination for the events of
pair I. Diagram is an equal area projec-
tion of the lower hemisphere. Solid
circles are compression of P-wave; open
circles are dilitation; and the fault
planes are from the Rayleigh wave analysis.
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FIGURE 2.9 Mechanism determination for the events of
pair II. See caption of Figure 2.8.
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FIGURE 2.10 Differential phase for the event pair indic-
ated in parentheses. The open circles are
observed values from the Fourier transform
of the entire records the crosses are from the
time variable filtered record, and the line
corresponds to the theoretical value of thebest set of mechanisms and depths.
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WU
.L -
el
D
MP
i
75
MAL ()- TOL (1)
e .
TG )- GOH (U)
ESG (N)- AT ()
s 
K
IWES() AT L (1)
~SHA (t
SCP (N) - (1)
IK a a
KLW-wa- -
*aNC
FREQUENCY (Hz)
FIGURE 2.12 Soo caption for Figure 2.10.
li a0.
FREQUENCY ( Ha)
FIGURE 2.13 See caption for Figure 2.10.
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FIGURE 2.14 Rayleigh wave displacement spectral density.
The theoretical values correspond to the
best set of mechanisms and depths.
78
T TI|
ESK 2 JUNE 1965 AKU 2 JUNE 1965
1-210
z 
-- Observedw 7heoeical
ESK 19 JUNE 1970 AKU 19 JUNE 1970i
10 --
0.02 Q04 006 008 0.10 0.02 0.04 0.06 0.08 0.10
FREQUENCY (Hz)
GDH 2 JUNE 1965
GDH 19 JUNE 1970
0.08 0.10
FIGURE 2.15 See caption for Figure 2.14.
79
- I1 1 I I - | | | 1 I
FBC 2 JUNE 1965 STJ 2 JUNE 1965 BEC 2 JUNE 1965
10
IC2
-e- Observed
--Theoretical
wV
F8C 19 JUNE 1970 STJ 19 JUNE 1970 SEC 19 JUNE 1970
z
10
V)
02
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
FREQUENCY (Hz)
FIGURE 2.16 See caption for Figure 2.14.
80
- I -- 1 - - - - - T - - - - I - - I I I I I I
BLA 2JUNE 1965 ATL 2 JUNE 1965 SHA 2JUNE 1965
I0
--e- Observed
Theoretical
CLBLA 19JUNE 1970 .. ATL 19 JUNE 1970 SHA 19 JUNE 1970
in
4
w
10
0-2
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
FREQUENCY (Hz)
102 I L A I I. .~L. 
w~ ~ ~ 1L
0.02 0.04 0.06 0.08 0.10 0.02 
0.04 0.06 0.08 0.10 0.02 0.04 
0.06 0.08 0.10FIGURE 2.17 See caption for Figure 2.14.
FREQUENCY 
(Hz)
81
- I I-I - 1 1 I I I
SJG 2 JUNE 1965 BHP 2 JUNE 1965 CAR 2 JUNE 1965
4)0
10-2
Observed
CL
SJG 19 JUNE 1970 BHP 19 JUNE 1970 CAR 19 JUNE 1970
z
0-
-o ...102
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.
FREQUENCY (Hz)
FIGURE 2.18 See caption for Figure 2.14.
10-'
0E
U
I.
z
w
-J 10
a.
(-
25
FREQUENCY (Hz)
FIGURE 2.19 See caption for Figure 2.14.
82
83
PDA 19 JUNE 1970 SFA 19JUNE 1970 NAT 19 JUNE 1970
-j
0
w
-2
042O0 .600 .000 .40.600 .000 .400 .80
FROUNC (z
FURE 2.20 See capio 
forFiur214
84
lI I I I I I | :
MAL 16 NOV 1965 TOL 16 NOV 1965 KTG 16 NOV 1965 -
10 ---
10
E
-Observe d
T heoretilcal
MAL 17 MAY 1964 TOL 17 MAY 1964 KTG 17 MAY 1964
z
0
o \A
r0 
61
10
0.02 0.04 0.06 008 0.10 0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
FREQUENCY (Hz)
FIGURE 2.21 See caption for Figure 2.14.
-I10
U-
w' 10
E
z
z
w
a
w
-
0. 14
~1 ~
GDH 16 NOV 1965
GDH 17 MAY 1964
002 0.04 006
WES 16 NOV
- Observed
- Theoreicol
OGD 17 MAY 1964 BEC 17 MAY 1964
0.10
FREOUENCY (Hz)
FIGURE 2.22 See caption for Figure 2.14.
86
ATL 16 NOV 1965 SCP 16 NOV 1965 SHA 16 NOV 1965
- Observed
- Theoretic l
a- AT L 17 MAY 1964 SCP 17 MAY 1964 SHA 17 MAY 1964
z
w
0-
C,, A1\I .%/AAA
1-2
I . -1 .J. . .... - . ...L . .L . . 1 ... I . .1 - f-.1----L .
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
FREQUENCY (Hz)
FIGURE 2.23 See caption for Figure 2.14.
CAR 16 NOV 1965
1 -
10~
I0~
I0~
-e- Observed
--o- Theoretical
NAT 16 NOV 1965
0.10
0.02 0.04 0.06
FIGURE 2.24 See caption for Figure 2.14.
LPS 2JUNE 1965
0.02 0.04 0.06 0.08 0.10 0.02 0.04
FREQUENCY (Hz)
CAR 17 MAY 1964SJG 16 NOV 1965
10-'
U
10 -2
E
(L BHP
z
w
0
w
Ul)
0.02
FIGURE 2.25
4 0.06 0.02 0.04 0.06
FREQUENCY (Hz)
See caption for Figure 2.14.
FIGURE 2.26 Results of regression for event pair I.
Each curve was generated by varying that
parameter with the values of the other
parameters fixed at their arrow. The
arrows indicate the "best" fit.
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FIGURE 2.28 Map and results for the Northeast Pacific
events. The Rayleigh wave phase velocity
for western US is from Solomon (1971).
The phase velocities from the four events were
calculated from the single station method
assuming the indicated depths.
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FIGURE 2.29 Results of regression for event pair I with
the relative location determined by the
master event technique. The arrows correspond
to the values in Figure 2.26.
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FIGURE 2.30 Maps for cross-Atlantic paths. Triangles
indicate event locations and circles give
the station locations.
FIGURE 2.31 Comparison of Rayleigh wave phase velocities
from cross-Atlantic paths with those calcul-
ated using the single station technique and
Mid-Atlantic events.
98
I I | | | | ., I
oa a%0 0 D* 0D
0
0@
0/
4?
*0.
0
*
* TRN -MAL I MAY 1967
o PREDICTED
e SJG -MAL 16 NOV. 1965
" PREDICTED
20 40 60 80 100 120 140 160
PERIOD (sec)
4.2
4.1
.0 F-
3.9 -
3.8-
0
3.7 -
3.6
4.5
4.4 F-
4.3 1-
4.2 1-
4.1
@O
00@
,0*
-4,*
4.0F
3.9
3.8
99
FIGURE 2.32 Rayleigh wave amplitude of time variable
filtered records for cross-Atlantic paths.
The vertical scale is arbitrary.
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CHAPTER 3. RAYLEIGH WAVE PHASE VELOCITIES
IN THE ATLANTIC OCEAN
3.1 Introduction
The phase velocities of Rayleigh waves provide a con-
straint on the possible velocity and density models for a
region. Several authors (Kanamori, 1970; Toks6z and
Anderson, 1966; Dziewanski, 1970), have regionalized disper-
sion effects by observing surface waves travelling several
times around the earth and correlating the effective phase
and group velocity with the various physiographic regions
traversed. Such analyses are generally restricted to
periods longer than 100 sec. Differences between con-
tinental and oceanic dispersion inferred from these studies
suggest that a finer scale regionalization should be
attempted. These studies should include shorter periods
which are more sensitive to the crust and lithospheric
thickness.
In this chapter, we give the results of a study of
Rayleigh wave phase velocities in the Atlantic ocean for
periods 20-100 sec. We use the single station technique
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(Brune, et al, 1960) with epicenters on the mid-Atlantic
Ridge. This technique allows us to determine the phase
velocities for paths which are dominated by the Atlantic
Ocean.
We shall find strong evidence for a 40 km thick litho-
sphere in the ocean basins. While there is a great deal of
non-uniqueness in surface wave inversions, it is difficult
to thicken the lithosphere if the lid shear velocity is
4.7 as suggested from the Sn velocities of Hart and Press
[1972]. We shall also find evidences for a very thin
lithosphere and low asthenosphere shear velocities under
the mid-Atlantic ridge.
In the ocean basins we will find two regions with
distinct dispersion relations. At the longer periods
(100 sec) the phase velocities differ by .05 km/sec, while
at the shorter periods (20 sec) they differ by as much
as .5 km/sec. These differences can be entirely explained
in terms of sediment thickness.
3.2 Description of Method
The Rayleigh wave phase velocity for a frequency, W,
can be determined from the observed phase, $obs' through
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the relation
C = ox/($obs ~ inst ~ f + wt ± N) (3.1)
where x is the epicentral distance, $inst is the phase delay
of the instrument, * is the initial phase of the source,
t is the time delay between the earthquake and the beginning
of digitization and N is an arbitrary integer. In this
section we describe our method of determining $ obs and
3.2.1 Initial Phase
The initial phase of a Rayleigh wave depends upon the
depth of the source, the orientation of the source double
couple, the medium structure, the fault length, the rupture
velocity of the fault and the rise time of the source.
We will assume that the source can be represented by
a point dislocation with a step time function. For a rise
time of 1 sec, a fault length of 10 km with a rupture
velocity of 3 km/sec, the maxiumum effect on the initial
phase is equivalent to a timing bias of about 4 sec. We
will show in the error analysis section of this chapter that
these estimates are extreme and that the timing bias
probably does not exceed 2 sec.
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In order to calculate the initial phase, we have used
the Harkrider-Anderson oceanic structure (1966). To investi-
gate the importance of the structure on the initial phase,
we can compare the initial phase which was calculated
using the Harkrider-Anderson model with the phase calcul-
ated using a structure more representative of the ridge.
This second structure, which is illustrated in Figure 3 . 2 3
will be deduced later in this chapter.
The initial phase as well as amplitude, is illustrated
in Figure 2.2 for the two structure for different depths.
As can be observed, the phase appears insensitive to the
medium. A more quantitative discussion will be given in
the section on error analysis.
The other information that must be specified include
focal depth and mechanism. These source properties were
found in the preceding chapter for 4 earthquakes on
the mid-Atlantic ridge. We will use these parameters to
calculate the initial phase for these events. In the
section on error analysis, we will investigate the effect
of uncertainties in these focal parameters on the resultant
phase velocities.
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3.2.2 Data Analysis
The earthquakes and station locations are shown in
Figures 2.4-2.7. The stations and their distance
from the events is given in Table 3.1. The stations are
mostly ofthe WWSSN. In general, the vertical components
were digitized and time variable filtered. The time vari-
able filtering procedure which was discussed in Chapter 2
requires that the group velocity be known. The technique
used for finding group velocity is due to Dziewonski et
al (1969). The contours of the arrival energy are shown
in Figures 3.1-3.8 for several of the stations
studied over the period range 20-200 sec. No instrument
nor source correction was made for these curves since we
will not use the group velocity except for designing the
time variable filter. The reduced resolution at the longer
periods could result from either of two reasons. First,
the amplitude is greatly reduced because of the poor
instrument response to ground motion at these periods.
Second, to gain resolution of the period, we must lose re-
solution of arrival time. At these long periods, we cannot
resolve either very well. To design the time variable
filter, we used these contours, for deducing the groupvelocity
in the period range where the group
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velocity is well-defined and we used Kanamori's (1970)
oceanic group velocities for longer periods. Since the
width of the effective time window is proportional to period,
small changes in the assumed group velocity at these long
periods does not significantly alter the time variable
filter record. A typical group velocity is illustrated in
Figure 3.1 for MAL (2 June 1965) by the heavy dashed line.
The thin dashed lines are the extremes of the cosine time
window. As we see, most of the energy at any frequency
passes through the time window. We should also notice that
most of the stations indicate only a single mode. The
exceptions, such as TRN, will be discussed in Chapter 1.
Time variable filtering was introduced by Pilant and
Knopoff (1964). Their goal was to separate two events
recorded close together in time. Other uses of this
technique include filtering out extraneous phases and
enhancing signal to noise by analyzing only that portion
of the record that contains signal. It is difficult to discern
whether or not the technique will introduce phase distor-
tion in a seismic record. In the last chapter, we saw that
time variable filtering did lower the residuals when we
found the best source model for our events (2 June 1965-
19 June 1970). We conclude that we have reduced noise. We
108
can see in Figures 2.10-2.13 that for the terms Apobs I
the time variable filtered data have reduced the scatter
without shifting the mean of the unfiltered data. These
observations suggest that we are not distorting the phase.
One inherent problem of determining phase velocity is
to derive a criterion which indicates the maximum period
that the data are consistent within a specified error limit.
In this study, a criterion arises very naturally. We
have data for two earthquakes that are very close. We can
compare the derived phase velocities and consider only the
period range where the phase velocities differ by some
small amount. Further tests can be made by comparing the
phase velocities to nearby stations.
3.2.3 Path separation
Once we obtain the phase velocities for several paths,
we will wish to obtain phase velocities for a portion of
the path. In particular, we will wish to find the phase
velocity of the ridge from observations where only part of
the path was along the ridge. Any analysis will require
that we know the phase velocity for the non-ridge portion
of the path. We will also need to define the physical
boundaries of the ridge.
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The approach that we will use is similar to Rytov's
(see Chernov, 1960). For a potential, $, satisfying the
scalar wave equation for an inhomogeneous medium
(+y2 2$(l+P) ~ - V 2 = 0 (3.2)
C at0
Rytov gives the phase fluctuation Re$, of plane waves
e iwt - ikx -$(r) propagating in the x-direction
k2
Re fff 1 Sin k[r - (x - ()] y,n,c)dV (3.3)
where y(5,rc) is the fractional variation of refractive
index, the integral is over the volume in which y(E,n,)
does not vanish, r is the distance from the scattering
source (E,n,) to the observation point.
If the inhomogeneity is smooth, and the scattering
source size is greater than the wave length, the fluctuation
of refractive index or wave velocity is the dominant source
of scattering, and the effect of a spacial gradient of
density or elasticity may be neglected. In that case, the
use of Rytov's formula in Rayleigh wave phase fluctuation
may be justified, if we replace the Green's function for spher-
ical waves by the one appropriate for cylindrical waves.
110
The final equation for the phase fluctuation is
2
Re4l$] = k -- sin[k( r - (x - ())+ '/4]d~dn (3.4)
/2Ti /lir
The integration is carried out over the ridge area, where
- - 1 (3.5)
c 0
where c is the ridge phase velocity and c0 is the non-
ridge velocity. The validity of Rytov's expressions rests
on three assumptions
1) The incident wave is a plane wave, 2) p << 1, and 3)
l/k17| << 1 (Chernov, 1960). The first assumption will be
violated near the source. The second assumption can be
checked since we wish to determine p from i. The last
assumption states that the fluctuations be small over a
wavelength. This will be true of the phase if p is small.
It is difficult to check this assumption for amplitude.
Taylor (1967) has discussed the range applicability of
Rytov's method. He concluded that the range does not
extend beyond the region of validity of the Born
approximation. The restriction for the Born approximation
is that k p a << 1 where a is a characteristic dimension of
the heterogeneity.
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As an alternative to Rytov's method we can use ray
theory and we find the relation
-- + - = 1 (3.6)
1 2 Cob
(See Knopoff, 1969), where L. represents the fraction of
the path in the ith region which is characterized by c.-
cob is the effective phase velocity. The difference
between ray theory and Rytov's method is that Rytov's
method accounts for the finite width of the ridge. By
comparing the ray theory results with those of Rytov's
method, we can at least place bounds on the effect of the
ridge.
3.3 Observed Phase Velocities
Following the procedure outlined in the previous
section, we can determine $obs and $ . We are now in
a position to calculate the phase velocity. The resultant
curves for both pairs of events are given in Figures
3.9-3.18. The stations were all sufficiently close to the
epicenter that an unambiguous value of N in equation 3.1
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could be determined.
First, let us compare the phase velocities determined
at each station for the two events of a pair. For the
event pair I (2 June 1965-19 June 1970) we see very good
agreement at most stations for periods as long as 100-120
sec. Notable exceptions include stations AKU, STJ, SDB,
VAL, ESK and BLA. AkU is close to nodal line for both
events. We conclude that we are seeing mainly noise at
this station. From the map in Figure 2.4 we see that
part of the paths to ESK, VAL and SDB are along the ridge.
Changing the epicenter will change the portion of ridge
path and may be responsible for different phase velocity
curves. STJ is close to the nodel line and it has some
amplitude irregularities as can be seen in Figure 4.17.
These irregularities are probably associated with multi-
path propagation. At periods shorter than 50 sec however,
the agreement is quite good. Sources for the difference
observed at BLA are less clear. The amplitudes for both
events (Figure 4.19) do however, indicate interference.
The phase velocities for the event pair II (16 Nov.
1965-17 May 1964) present a somewhat less consistent
picture. Part of the reason follows from the larger
separation of the events, which yields different paths for
113
the same station. Some of the differences can be associated
with interference for the 17 May 1964 event. The source of
this interference will be discussed in the next chapter.
The effect of the interference is to modulate the observed
phase, and in some cases such as SHA, the modulation can
be so great as to lose track of the integer N of equation
3.1. In general, the resultant phase velocity will tend to
oscillate about the actual phase velocity, being equal to
it when the interfering signal is in phase with the primary
signal. Such effects can be seen for BEC, OGD, SCP, etc.
There is also evidence, both from the phase velocities and
the amplitudes that some of these stations are also affect-
ed by interference for the 16 November 1965 event.
The signals from the events of pair II to TOL and MAL
may be affected not only by a large section of the mid-
Atlantic ridge, but also by the Azores-Gibraltar rise.
KTG is located close to the nodal direction for each
event. The resultant phase velocities may be spurious due
to noise contamination of the signal.
Several of the phase velocity curves are similar while
others differ considerably. We wish to delineate a few
different regions, each defined by its dispersion
characteristics.
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3.3.1 Normal Ocean Basin
The first region will be called "normal ocean basin".
The region is defined by the phase velocities from event
pair I to the stations OGD, WES, ATL, SHA, BLA, TOL, MAL,
PTO, and SDB and from the event pair II to the stations
SCP, WES, OGD, ATL, WIN and SHA. These phase velocities
may vary in detail at the shorter periods. As we will see
later, these variations can be caused by very modest
variations in sediment thickness. In general, these curves
are very similar with differences rarely exceeding
.02 km/sec for periods longer than 30 sec. The phase
velocity to BEC from event pair I is similar to the above
group except at periods longer than 60 sec. the normal
ocean basin phase velocities increase while at BEC they
do not. BEC for event pair II stands as an enigma. The
17 May 1964 event produces an oscillating phase velocity
curve due to interference and we will not further interpret
it. The amplitudes for the 16 November 1965 (Figure 4.21)
event exhibits only mild interference yet the phase velocity
is significantly slow when compared to the event pair I
results, even.though the general shape is preserved. There
appears no structural feature that could account for this
discrepancy and the agreement of the observations on con-
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tinental US for the two event pairs suggests that such is
not the case. Without further substantiative evidence, we
must rule out path effects and discard the observation.
3.3.2 Mid-Atlantic Ridge
The second region is the mid-Atlantic ridge. The
paths with a significant fraction of the ridge include,
from event pair I, SFA, STJ, FBC, GDH, AKU, PDA, ESK and
VAL and, from event pair II, MAL, TOL, BHP, SJG, CAR, TRN
and AKU. The fraction of ridge path for these stations
is given in Table 3.2. These values are roughly determined
by assuming that the extent of the ridge is defined by
the 4 km isobath which is drawn on the maps of Figures 2.4-
2.7. The phase velocities for this group of paths show
much more variation than for the normal ocean basin paths.
In general, the phase velocities are low; the lowest values
corresponding to the largest ridge fraction.
From these paths, we now wish to make a selection that
can be used for inversion of the ridge. We may not choose
paths close to the nodal directions since both the noise
level is high and the initial phase may be in error. This
consideration forces us to rule out AKU, KTG and GDH. We
further require that the phase velocities from both events
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of a pair be consistent, ruling out STJ and KTG plus PDA,
SJG and SFA, for which we have only one event and cannot
make a consistency test. The final requirement is that we
have good control of the phase velocity for the non-ridge
portion of the path. This criterion eliminates FBC since
we have no paths in this direction without any ridge. MAL
and TOL from event pair II can also be eliminated since we
do not know the extent or effect of the Azores-Gibraltar
region. Both stations may be affected since the paths are
close to and nearly parallel to the zone of earthquakes.
TRN, CAR and SJG for event pair II are affected by both
the normal ocean basin region and the anomalous ocean basin
region that will be defined later. The elimination process
leaves us with VAL and ESK for event pair I. These stations
have a significant fraction of their paths along the ridge.
The phase velocities are consistent when comparing the two
events and the two stations. The observations for this
event pair at MAL, PTO and TOL serve as a control on the
non-ridge portion of the path.
We now extract the ridge phase velocity from the
velocity for VAL (19 June 1970) letting the PTO curve for
event pair I represent the non-ridge segment of the path.
We applied both Rytov's method and ray theory. The re-
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sulting ridge phase velocities are given in Figure 3.19.
As we can see, both methods give results which agree to
the .02 km/sec level. This observation tends to justify
each technique for this path since they involve limiting
assumptions. Table 3.3 gives some information related to
the calculation. Indeed, the values of y are small com-
pared with 1 as Rytov's method assumes. The ridge dimen-
sions are of the order of 1000-1500 km in length by a few
hundred km width, while wavelengths range from about 80 km
for 20 sec waves to 500 km for 120 sec period. With y of
the order of .05, the term yka can be larger than 1 for
the short periods, while it will be less than 1 for longer
periods. We are, thus, close to the limit of validity of
the Born approximation. However, the good agreement between
the ray theory calculation and the Rytov results suggests
that we can use Rytov's method even for the short periods.
In Table 3.4 are given the values of Re*/x (equation
3.4) for several periods and stations with y = .1 and
R*. = (I... - 1...)w (3 .7 )
x cob c1
where cob is the effective phase velocity for the path and
c is the non-ridge phase velocity. Even though VAL does
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not have the greatest percentage of ridge path, it does
see the largest effect using Rytov's method. The ridge is
reasonably wide and close to VAL. STJ, which sees about
the same percentage of ridge, sees a narrower section that
is further away from the station. The resultant effect is
reduced by a factor of 2.
To check the consistency of our final ridge model, we
will calculate the effective phase velocity to TOL and TRN
for event pair II. For the TOL calculation, we assume
that the non-ridge portion of the path has a normal ocean
basin phase velocity. For the TRN calculation, we will
simply use the TRN dispersion observed for the event pair
I. The predicted and observed results are given in
Table 3.5. For both TRN and TOL, Rytov's method gives
slightly larger predicted values than ray theory. The
predicted values for TRN agree well with the observed
values, especially when we consider the anomalous behavior
of the non-ridge portion of the path in this region (see
later section). From the calculations, we expect the phase
velocity curves for the two events to cross and they do,
as can be seen in Figure 3.18. The predicted values for
TOL from the event 16 November 1965 agree well with the
observations. The observed phase velocities for periods
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shorter than 40 sec appear slow, but this may just be
continental contamination. The observations agree less
well for the 17 May 1964 event. The phase velocities for
this event are slower than for the other event while the
predicted velocities are faster. Similar observations are
born out to a larger degree for MAL. The paths to these two
stations for the 17 May 1964 event are close and nearly
parallel to the seismic zone associated with the Azores-
Gibraltar rise; the path to MAL being closer than the path
to TOL. These observations suggest that this region may
have a velocity structure resembling the mid-Atlantic
ridge. The observed phase velocities to CAR for event
pair II are slightly greater than to TRN. This observation
is consistent with less ridge path for CAR. The other
stations with ridge propagation should have a lesser effect
in their phase velocities and we don't have good control on
the non-ridge portion of the path. We, therefore, will not
pursue our comparisons further.
In order to change the phase velocity from the value
observed for VAL for 19 June 1970 to that for VAL for
2 June 1965 only 300 additional km of ridge need be
traversed. Due to the acute angle between the path and the
ridge, this is accomplished by changing the station centered
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azimuth by about 1.7*. The observed change for the two
events is 1.4*.
3.3.3 Anomalous Ocean Basin
The final region will be called "anomalous ocean basin".
The phase velocities from both event pairs to SJG, LPS,
BHP, CAR, TRN, NAT and BOG all exhibit low values when com-
pared with the normal ocean basin.
We will take the phase velocity observed at TRN for
event pair I as a standard. The phase velocities at CAR
for this event pair agree very well with TRN except at
about 35 sec where CAR exhibits low amplitudes.
The phase velocities for BHP of event pair I also
agree reasonably well with TRN. However, BHP may be
affected by the northern boundary of South America. SJG
for event pair I appears to be between that of normal
ocean basin and that for TRN. If we assume that SJG sees
a mixed path, using ray theory, we conclude that about
20% of the path is in the anomalous ocean basin region.
The comparison of the observation and the calculation
assuming this fraction is given in Figure 3.13.
Stations BHP, SJG and LPS all yield similar phase
velocities for event pair II. The paths include ridge,
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normal ocean basin and anomalous ocean basin. However,
since SJG and BHP have almost identical dispersion for
16 November 1965 and the azimuths are similar , we
can conclude that BHP represents the phase velocity for the
Caribbean portion of the path. The phase velocities are
faster than the TRN path. LPS for 2 June 1965 sees a
mixed path; part corresponding to the TRN path and part
through the Caribbean. Assuming that the proportions are
50:50, we calculate the expected dispersion at LPS from the
two standards (TRN event pair I, BHP 16 November 196.5).
The results of a ray theory calculation can be compared
with the observation in Figure 3.13. The paths to CAR for
event pair II have experienced more ridge than SJG and
are less amenable to a comparison. The observations at
NAT are lower than to TRN for periods longer than 40 sec.
With only a single event from each pair recorded at this
station, we will not attempt to interpret this observation.
The path to BOG is contaminated with a large portion of
continental propagation.
3.4 Inversion
We now have several regions which are characterized
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by their dispersion relation. We will find velocity and
density models which are consistent with the observations.
3.4.1 Method
We begin with the oceanic structure of Harkrider-
Anderson (1966). We then perturb the shear wave velocity
structure until we obtain phase velocities that are con-
sistent with the observations. We use the method of Saito
(1967) for a spherical earth to calculate the dispersion
for the assumed model.
The uniqueness of the resulting model can be ascertained
by using the approach of Backus and Gilbert (1968), in
which the observations are considered to be exact. The
essence of the approach is to find the optimal averaging
kernel corresponding to a given property at a given depth.
When there is more than one independent property, the
averaging functions must be considered to be a vector.
In this analysis we considered shear velocity and density
as independent.
We begin by linearizing the relation between phase
velocity and medium property in the form
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Ac (T.) 1 =r) (r)3 c(T* dr (3.8)
c (i (r) c(T.)T U
01
+ f ( p(r c(Ti) dr
0 c1(T p
where the partial derivatives are normalized over a unit
depth. Next we consider linear averages of Ap(T_)
c(T i)
or
( c (T4 -) 1)ai f a 3c(Ti) dr
c(T i) i c(T ) 3"
+ f1 [ a -] (3.9)
0
We wish to choose the a so as to make the term in square
brackets in one of the integrals resemble a delta function
at some depth, r0 , while the term in square brackets in
the other integral should vanish. Under such a choice of
the ai, we have obtained a combination of the observations
that uniquely determine a parameter such as shear velocity,
at a given depth.
We will denote the term in square brackets by A.. (rr )
where the subscript is either p or S . The first subscript
indicates which parameter we wish to find and the second
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indicates which parameter it multiplies in equation 3.9.
The goal is then to choose the
A.. (r,r ) =13 0
such that
6(r-r ) 6..
o 1i
subject to
(3.11)f1 A. (r,r 0 ) dr = 1
0
To find the best function A.. we minimize the
1)
expression
1 2 12f J(r,r 0 ) A.. (r,r 0 )dr + Z (1- 6..) j A. . (r,r 0 ) dr
0 j0
(3.12)
with respect to the coefficients of the expansion of A..
:13
in terms of the partials. The minimization is subject
to the constraint of equation 3.11 and we choose
J(r,r0) = (r-r0)2 (3.13)
The conditions force the A.. to be of the form
1)
(3.10)
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A. (r,r ) = 6., 6(r-r ) (3.14)
13 0 13 0
The departure of the A.. from this relation is an expres-
sion of the non-uniqueness of the model. Since the model
does fit the data we can conclude that
E Ac(T9) = 0 (3.15)
.c
or the model can be varied without affecting the phase
velocities as long as
fA(r,r) r dr + f A (r r) Ap(r) dr = 00 0 ry 0 0 P ()
(3.16)
Thus, by generating the A.. (r,r ) for several r we can
1J 0 0
discern the resolution of our data.
3.4.2 Earth models for regionalized phase velocities
The final shear velocity structure for normal ocean
basin is illustrated in Figure 3.20. The density and com-
pressional velocity structure are the same as the
Harkrider-Anderson oceanic structure of Figure 2.1.
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We constrained the shear velocity for the lower portion of
the lithosphere to be 4.7 km/sec. This value was reported
by Hart and Press (1972) for the Atlantic ocean basin which
is older than 50 m.y. from Sn observations. The model
also had a 5 km water layer and 1 km for sediments with a
shear velocity of .5 km/sec. An isopach map of the north
Atlantic (Ewing et al, 1972) is shown in Figure 3.21. The
numbers represent 100's of meters of sediments. We con-
cluded that 1 km is a reasonable average for the normal
oceanic paths. The model is characterized by a 40 km-thick
lithosphere. Our thickness is somewhat less than the
70 km lithosphere of Kanamori and Press (1970). Later in
this section, we will analyze the uniqueness of our values.
The calculated phase velocities are given in Table 3.6.
The phase velocities to BEC from event pair I exhibited
slightly higher values at shorter periods and slightly
lower values at the longer periods. A shear velocity
structure consistent with this observation is shown in
Figure 3.22. Again the compressional velocity and density
are unaltered. By reducing the sediment thickness to .3 km,
we gain the increase needed for the short periods. We
were required to lower the velocity at depth to match the
longer periods. The resulting dispersion is given in
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Table 3.6. These adjustments in structure may reflect the
differences in average age on the path to BEC and on the
other normal ocean basin paths.
The next region of interest is the mid-Atlantic ridge.
The ridge is characterized by very low phase velocities
(see Figure 3.19). To produce a structure that matches
the observations we require a very thin lithosphere with
very low shear velocities in the asthenosphere. Such a
structure for the shear velocity is shown in Figure 3.23.
The compressional velocities and density were not altered.
The water depth was taken to be 4 km and no sediments were
included. The lithosphere is less than 15 km thick with
a wide zone where the shear velocities are only 4 km/sec.
A comparison of the ridge phase velocity, deduced in the
last section, and the calculated phase velocities is given
in Figure 3.19. The calculated phase velocities tend to be
slightly greater than the observed, suggesting that the
shear velocities may need to be further reduced.
Our observations are fairly similar to those of Knopoff
et al. (1970) for the east Pacific rise. Their phase
velocities for periods longer than 60 sec are slightly
lower than ours. All of their successful models will agree
within .05 km/sec with our observations. Their models are
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fairly similar to ours except that they don't have the
narrow region with a shear velocity of 4.6.
The final region to investigate is the anomalous ocean
basin. For this region, we have defined two characteristic
phase velocity curves; TRN for event pair I and BHP for
17 May 1964. The successful models for these paths and
the normal ocean basin structure differ only in the sedi-
ment thickness assumed. For BHP, we included a 3 km
sedimentary layer with a .5 km/sec shear velocity. Otherwise,
the model is unaltered from the normal ocean basin. For
TRN, a 4.25 km thick sedimentary layer was necessary. If
we consult the isopach map in Figure 3.21, we see that
these are reasonably representative sediment thicknesses
for the Caribbean and for the path to TRN respectively.
The calculated phase velocities are given in Table 3.6.
Further scrutiny of the map reveals that about 1/5 of the
path to SJG from event pair I is covered with thick
sediments. This is in agreement with the deduction made
in the last section. There we found that the phase
velocities for this path could be explained by 20% of the
path being of the anomalous ocean basin structure with
80% normal.
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As mentioned in Chapter 2, there is a very large effect
on the nature of the Rayleigh wave for periods in the
neighborhood of T where T is given by
0 0
T = 4H
where 8 is the sediment shear velocity and H is the
thickness. Observations relating to the effects of sedi-
ments on both amplitude and phase will be pursued in more
detail in the next chapter. A close examination of the
calculated phase velocities for our anomalous ocean basin
paths reveals a discontinuity in the phase velocities for
periods in the neighborhood of the respective T 's.
These effects are not observed in the dispersion curves
for these paths. We must bear in mind that the calculated
values are based on a model with layers whose thickness
does not vary laterally. We might not expect to match
these details which are derived from a simplified model.
We now wish to investigate the uniqueness of our
models. To this end we apply the method of Backus and
Gilbert (1968), which has already been discussed. The
partials of phase velocity with respect to density and
shear velocity for 11 periods between 20 and 110 sec were
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calculated for the normal ocean basin structure. The
kernels were calculated for several depths, as illustrated
in Figure 3.24. The resulting kernels for the ridge
structure will differ only in detail. The depths cor-
responding to r in equation 3.14 are given by heavy lines
on depth scale. The resolution kernel of the shear
velocity at 25 km depth is fairly narrow. It would be
difficult to lower the lid velocity from the 4.7 value
unless a significant change in density is made. (To
change the shear velocity to 4.6, the density would have
to increase to about 3.7) The resolution kernel centered
at 45 km, at the top of the low velocity channel, is
somewhat wider. Yet, unless we lower the shear velocity
at the base of the lid, we cannot significantly increase
the depth of the bottom of the lid. We would require a
decrease in density of about .6 at this depth to raise the
shear velocity to 4.7. As we look at the resolution at
greater depth, the peak spreads, emphasizing the reduced
resolution. Yet the layer centered at 100 km depth is
sufficiently broad to be well resolved. In Figure 3.24
we also illustrate the resolution of the density kernels
centered at 25 km. The resolution is not compact; that
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is, we can trade off density at the surface with density
at depth. Furthermore, A is very large, suggesting that
we have very little control over density as suggested by
Wiggins (1972). We would also need to include Love wave
information to gain this control.
3.5 Error Analysis
We will restrict our attention to estimating the un-
certainty of our phase velocity curves, since we have
already discussed the uniqueness of the inversion. An
empirical estimate of precision will be derived by com-
paring the phase velocities from different events with
similar paths. The precision only defines the internal
consistency indicating the level of noise contamination.
Several factors can give rise to systematic errors. These
include location and origin time errors, effect of source
finiteness, and uncertainty in source phase due to errone-
ous earth models or source models (fault planes and depth)
We will discuss each of these possible error sources and
attempt to estimate the uncertainty introduced into our
data.
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3.5.1 Precision
We have already discussed the internal consistency of
our data in some detail. Here it suffices only to
summarize. The data appears to be internally consistent
to within ± .01 km/sec. As already pointed out, there are
exceptions to this statement. Many of the exceptions can
be explained as due to path effects. The phase velocities
to VAL from the two events of pair I differ because of dif-
ferent ridge fractions. In some cases, the difference could
not be attributed to path differences. The observations
at BLA for pair I are such a case.
When we compare the data for the two event pairs,
we must bear in mind the minor changes in just sediment
thickness that can produce changes in phase velocity of this
order. Event pair I appears more consistent than pair II.
In fact, the variations for pair I may be slightly less
than ± .01 km/sec while the variations for pair II may be
slightly greater than ± .01 km/sec.
The phase velocities are generally consistent to this
limit in the period range 20-100 sec. Again we have
several exceptions, a few are consistent to shorter periods
only and others to longer periods. SHA for event pair I
appears consistent to 180 sec while SCP for pair II exhibits
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consistency only to 80 sec.
3.5.2 Source Finiteness and Origin Time
In the last chapter, we argued that source finiteness,
rise time and origin time did not measurably affect the
phase. Part of the argument rested on a qualitative
observation of the phase. A more quantitative argument
was based on observations of cross-Atlantic phase veloci-
ties. This last argument deserves reiteration here.
The relevant maps are given in Figure 2.30. As
we can observe, the paths of interest are all nearly co-
incident. The phase velocities for the cross-Atlantic
paths were determined using the two-station technique.
These phase velocities are compared with the expected
phase velocities in Figure 2.31 . The expected phase
velocities are determined from the relevant paths dis-
cussed in this chapter through the relation
L 2 1
-l +
c C 2  c
We concluded in Chapter 2 that the curves are, on the
average, consistent to .01 km/sec. The only sources of a
difference between the curves, aside from noise, include
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rise time, finiteness and origin time error. The cumulative
effect can be bounded by
2T + 2AT + - < 4 secV -
where T is the characteristic rise time, AT is the
origin time uncertainty, L is the fault length and V
is rupture velocity. The net timing error for our single
station observations will not exceed 2 sec. This value
corresponds to a phase velocity uncertainty of the order
of .015 km/sec.
3.5.3 Location
Accurate phase velocities depend on accurate locations
in space and time. Most of the path lengths range between
2000 and 5000 km. A mislocation of 5 to 12 km will give
rise to an error of .01 km/sec in phase velocity for this
distance range.
Three of the four events (all but 19 June 1970) have
been located by Sykes (1967, 1970) utilizing a large data
base. He assumed that both events of pair II were surface
foci. However, he assumed that the event 2 June 1965 was
at 23 km depth. We relocated this event using the 200
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data reported in the International Seismological Center
Bulletin assuming a 3 km depth. The new location, given
in Table 3.7, differs from Sykes' by 11 km and 3 sec.
We have already shown that the origin time error is
probably less than 2 sec. Thus, the new location is
somewhat suspect.
The event 19 June 1970 can be located relative to
the 2 June 1965 event with the master event technique.
Using P-waves and Sykes' location ofthe master event
the epicenter of 19 June 1970 moved 18 km (see Table 2.2)
from our assumed location (based on US CGS). In
Chapter 2, we gave arguments suggesting that Rayleigh
waves actually give a more accurate relative location and
that our initial relative location was indeed best.
We must conclude that the locations of the events
may be in error by as much as 10-20 km. For the stations
used to delineate the normal ocean basin and the ridge
(path lengths of 4000-5000 km). This amounts to an error
of .01-.02 km/sec in phase velocity. For the anomalous
ocean basin, the error may be as much as .04 km/sec.
This error is not sufficiently large to eliminate any of
our regions; however, it is the largest contributor to the
total error of the phase velocity.
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3.5.4 Earth Structure
We have assumed the Harkrider-Anderson (1966) oceanic
structure to calculate the initial phase of the Rayleigh
waves. To see the effect of the structure, we compare
the results with the source phase calculated assuming our
ridge structure. The change in source phase and the result-
ant change in phase velocity for a few selected stations
is given in Table 3.8. As we see the error is generally
extremely small as compared with the other errors already
discussed.
3.5.5 Source Mechanism
The earthquake mechanisms and depths used in this
study were determined in the last chapter. The method
involved finding a mechanism and depth that produced the
best fit to the observed amplitudes and phase differences
for an event pair. This process tends to reduce the dif-
ferences of the phase velocity curves for an event pair.
The final phase velocities do reflect structural differences
along the path (i.e. VAL pair I) if there are any, and
yield consistent phase velocities if there is no obvious
path difference. This observation suggests that we have
not used focal mechanisms that give rise to systematic
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errors. Indeed, we have removed the effect of mechanism
and depth through the regression analysis.
We can gain further insight into the maximum effects
of erroneous source parameters by comparing the initial
phase calculated from different models. Such a comparison
is given in Table 3.8 for different periods and azimuths
as we vary strike, dip, slip and depth. In this table we
give the change in initial phase and phase velocity for
particular stations. Depth variations yield the largest
changes in initial phase. The strike, dip and slip vari-
ations mainly affect the velocities for paths close to
the nodal direction (BEC 17 May 1964). Note in particular
that the dip of the 2 June 1965 event does not affect the
phase velocities. The dip used in the calculation (50*)
did not agree with the body wave first motion which
suggested a dip of 70*.
We conclude that the phase velocities for path lengths
of 4000 km are accurate to ±.02 km/sec while 2000 km path
lengths may have variations of ±.04 km/sec. The major
error source is the location of the epicenter.
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3.6 Conclusions
Rayleigh wave phase velocities of the North Atlantic
naturally define three provinces. They include normal
ocean basin, ridge, and anomalous ocean basin. The normal
ocean basin is characterized by the highest phase
velocities (4.05 km/sec at 50 sec). The ridge has low
phase velocities (3.85 km/sec at 50 sec), while the
anomalous ocean basin has very low velocities at the
shorter periods (3.4 km/sec at 20 sec) with intermediate
velocities at longer periods (4.05 km/sec at 100 sec).
Geographically, the anomalous ocean basin coincides with
the ocean basin between Trinidad and the ridge and also
the Caribbean sea.
The differences in dispersion between the anomalous
ocean basin and the normal ocean basin can be entirely
explained by the sediment thickness distribution. The
ridge must have much lower shear velocities at depths
greater than about 20 km than the ocean basin. The litho-
sphere thickness for oceans as defined by the shear velocity
structure may be only 40 km thick. If we wish to thicken
the lid, we must lower the lid shear velocity from 4.7 to
4.6 km/sec or decrease the density by about .6 gm/cc. To
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lower the lid velocity, we are required to increase the
density of the lid to about 3.7 gm/cc.
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TABLE 3.1
Stations Used in Phase Velocity Analysis and
and their Epicentral Distances
2 June 1965
4762,4
4905.2
4604.5
5128.9
5726.0
5920.6
5939.1
3548.1
5560.9
3749.2
3860.6
2563.7
4058.9
4231.7
4501.8
2074.0
4550.7
3640.9
2263.0
1687.9
3234.5
7463.7
19 June
4724.6
4581.9
5134.1
5732.1
5957.5
6006.2
3622.9
5642.1
4204.5
MAL
TOL
PTO
VAL
ESK
AKU
GDH
STJ
FBC
SFA
WES
OGD
BEC
SCP
BLA
ATL
SHA
SJG
LPS
BHP
CAR
TRN
BOG
NAT
SDB
WIN
KTG
1970 16 Nov. 1965
3466.1
3509.7
4319.9
2928.0
2119.3
3429.3
4019.1
4427.9
2868.5
4636.1
3472.4
3052.3
4058.7
8618.3
4545.2
17 May 1964
2845.8
2858.1
3928.9
3409.3
2658.8
3684.1
4400.9
4838.1
5771.2
5286.8
4156.7
3744.0
8510.9
3999.5
2673.5
4171.3
4345.4
4615.3
2178.8
3727.2
2343.6
1761.0
3304.5
2566.0
7351.3
Table 3.2 Per cent of path on
17 May 1964
39
40
15
31
46
51
15
2 June 1955
15
39
23
26
44
35
37
30
16 Nov. 1965
40
51
15
26
32
40
16
19 June 1970
15
39
23
26
44
35
37
30
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ridge
MAL
TOL
BHP
SJG
CAR
TRN
BEC
SFA
STJ
FBC
GDH
AKU
ESK
VAL
PDA
Table 3.3
Period (sec)
103
62
Calculated properties of Mid-Atlantic
ridge using Rytov's method from
observations for VAL(19 June 1970)
and PTO(19 June 1970)
Ridge phase velocity
(km/sec)PRidge
0.0598
0.0611
0.0460
0.0405
0.0371
3.906
3.850
3.877
3.888
3.905
0.0326 3.922
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Table 3.4 Calculated phase fluctuation normalized
to epicentral distance due to Mid-Atlantic
ridge. Calculations are based on Rytov's
method assuming P =0.1
Wave
number
(rad/km)
0.01
0.015
0.02
0.03
0.04
0.05
0.01
0.015
0.02
0.03
0.04
0.05
Re $/x
STJ
0.00017
0.00026
0.000363
0.00062
0.00092
0.00126
TRN
16 Nov.
1965
0.000161
0.000303
0.000472
0.000862
0.001297
0.001768
SFA
0.00008
0.000155
0 . 000214
0.000377
0.000533
0.000694
TRN
17 May
1964
0.000213
0.000401
0.000626
0.001156
0.00176
0.00241
Event pair
FBC
0.000095
0.000171
0.000212
0.000285
0.000457
0.000639
TO L
16 Nov.
1965
0.000245
0.000407
0.000604
0.00109
0.00158
0.00207
VAL
0.00032
0.000557
0.000795
0.001253
0.00168
0.00203
TOL
17 May
1964
0.000151
0.000271
0.000388
0.000600
0.000817
0.001015
GDH
0.00006
0.00017
0.00025
0.00039
0.00060
0.00069
Table 3.5 Observed and calculated phase velocities to TOL(event pair H1)
and TRN(event pair 11). Calculat-1 values are based on ray
theory and Pytov's iethoi.
Phase velocity (ki/sec)
TOL (16 Noy. 1955) TOL (17 May 1154)
.serve n'ay
theorv
4.05
3.99
3.37
3.I7
3.11
Pytov's
nethod
4. 10
4.04
4.02 . 0 14
4.02
4.01
4. 02
0served
.05
.99
0 n- 7
.914
.44
TRN (16 Nov. 1965)
4.003
3.35
3.32
3.83
3.83
4.04
3.98
3.34
3.89
3.84
TP (17 May 19C14)
4.08
3.91
3.37
3.19R
3.93
3 .*11
3. A8
3. S1I
4.03
3.q7
3.93
3.0 1
3. 5
Period
(sec)
193
77
52
44
39
31
Ray
theory
4. (3
3.95
3.95
3.96
3.93
Rytov's
method
4i.08
4. 02
3.99
3.98
3.99
4.00
103
78
53
41
34
4..14
3.13
3.31
3.10
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TabIe 3.5 Phase veloci ties for regional iodels of
the Atlantic ocean basins (see text and
fimures for a description of the structure)
Phase velocity
Ilo rmal
ocean
basi n
3EC
( ra r
modrel
172
141
114
09 1
970
0 E, 5
0145
042
245
054
051
025
(km/sec)
Anomalous
TRN
(oair I)
I4.135
4.103
I4 .372
4.045
4.020
3.997
3.976
3.953
3.897
I4. 015
3.879
3.I467
ocean basin
(15 'Ov. 1
150
117
00,9
025
311
002
11; 5355
720
8,24
Period
(sec)
120
110
100
90
7
60
50
40
30
25
20
r)35)
185
157
131
109
031
075
053
05-4
049
041
023
985
146
Table 3.7 Relocation of event 2 June 1'S5 by
restrictin-r the depth to 3.5 km using
observations reported by International
Seismolorical Centre Bulletin.
Orierin time Lati tude Lonei tde
Sykes' location* 23:40:72.5
Mew location
* Sykes(1970)
23:40:10-.7
15.96"!1 49.7'1011-
19 .01nm 4 q. q 'o'
Table 3.3 Typical eflects on the source phase an, Thase velocity of
variations in the medium structure an, focal mechanism.
lermutatIOn: Perolace structure with riAme model
MAL (2 June 1165)
(cycles)
0.00
0.0901
0.0001
0.0001
0.0001
0.002
Ac
(km/sec)
).00
).00333
).30002
).00001
).00001
).0001
VAL (2dune 1965)
(cycles)
0.0005
0.0006
0.0007
0.0008
0.0068
0.3512
BEC (2 June 1965)
Ac
(km/sec)
0.00016
0.00014
0.00011
0.00010
0.00042
0.0169
A$(cycles)
0.0008
0.0009
0.0012
0.0015
0.0008
0.0174
Ac
(km/sec)
0.00052
0.00043
0.00038
0.00038
0.00010
0.00163
TRN (2 June 1995)
0002
0003
0004
0005
00
0033
3002
00022
00019
00019
00
00048
MAL (19 June 1965)
0.0015
0.0019
0.0026
0.0030
0.0023
0.0059
0.00053
0.00049
0.00045
0.00041
0.00015
0.00031
TOL (16 Nov. 1965)
0.0039
0.0042
0.0062
0.0132
0.0177
0.-0321
0.00185
0.00147
0.00144
0.00246
0.00158
0.00261
Period
(sec)
100
75
50
40
20
17
100
75
50
40
20
17
Table 3.8 contd.
Event: 16 November 1965
Permutation:
MAL
A$
(cycles)
0.00064
0.00156
0.00278
0.00400
0.00668
0.00906
0.03536
0.07315
Permutation:
MAL
0.00167
0.00402
0.00712
0.01014
0.01662
0.02213
0.07784
0.15639
Slip changes from 540 to 740
Ac
(km/sec)
0.00081
0.00120
0.00133
0.00142
0.00157
0.00170
0. 90320
0.00521
WES
A$
(cycles)
0.00028
0.00068
0.00120
0.00170
9.00275
0.10362
0.01156
0.02303
Dip change from 1210 to
WES
0.00231
0.00309
0.00341
0.00359
0.00390
0.00417
0.00705
0.01114
0.00088
0.00210
0.00369
0.00520
0.00833
0.01090
0.03274
0.05923
Period
(sec)
225
150
100
75
50
40
20
17
Ac
(km/sec)
0.00047
0.00032
0.00058
0.00071
0.0007i
0.00081
0.00125
0.00194
BEC
A$O
(cycles)
0.00012
0.00029
0.00050
0.00071
1.0011S
0.00153
0.00497
0.00978
Ac
(km/sec)
0.00026
0.00035
0.00038
0.00040
0.00043
0.00045
0.00071
0.00110
225
150
100
75
50
40
20
17
1410
SEC
0.00144
0.00192
0.00210
0.00218
0.00232
0.00243
0.00351
0.00419
0.00095
0.00228
0.00400
0.00563
0.00902
0.01180
0.03547
0.06439
0.00208
0.00276
0.00302
0.00314
0.00334
0.00350
0.00506
0. 00723
--- ---------
Table 3.8 contd.
Event: 2 June 1965
Permutation: slip changes from -1000 to -800
MAL
(cycles)
0.00063
0.00153
0.00273
0.00392
0.00655
0.00890
0.04026
0.16098
Ac
(km/sec)
0.00064
0.10036
0.00095
0.00101
0.00112
0.00122
0.00265
0.00835
BFC
(cycles)
0.00031
0.00074
0.00131
0.00185
0.00304
0.00405
0.01438
0.,03376
Ac
(km/sec)
0.00058
0.00077
0.00085
0.00089
0.00097
0.00103
0.00176
0.00325
TRN
(cycles)
0.00031
0.00075
0.00132
0.00188
0.00307
0.00408
0.01453
0.03419
Ac
(km/sec)
0.00088
0.00118
0.00130
0.00136
0.00148
0.00158
0.00270
0.00500
Permutation: Dip changes from 500
MAL
0.00127
0.00305
0.00538
0.00762
0.01235
0.01633
0.05314
0.10227
BEC
0.00128
0.00171
0.00187
0.00196
0.00211
0.00224
0.00350
0.00530
0.00209
0.00502
0.00889
0.01264
0.02058
0.02729
0.08479
0.13165
Period
(sec)
225
150
100
75
50
40
20
17
225
150
100
75
50
40
20
17
to 700
TRN
0.00391
0. 0023
0.00576
0.00605
0.00654
0.00694
0.01038
0.01268
0.00127
0.00305
0.00537
0.00757
0.01216
0.01594
0.04788
0.08328
0.00362
0.00483
0.00528
0.00550
0.00587
0.00616
0.0089
0.01218
Table 3.8 contd.
Event: 2 June 1965
Permutation: Depth chanpes from 3.5 to 5 km
IAL
A$
(cycles)
0.00006
0.00013
0.00023
0.00034
0.00061
0.00089
0.00782
0.46171
3EC
Ac
(km/sec)
0.00006
0.00007
0.00008
0.30009
0.00010
0.00012
0.00052
0.02394
(cycles)
n.00059
0.00147
0.00262
3.00384
0.00683
0.00981
0.06641
0.23343
Ac
(km/sec)
0.00130
0.00153
3.00169
0.00134
0.00217
0.00249
0.00813
0.022 48
T R N
A$O
(cycles)
0.00021
0. 000145
0.00070
0.00115
0.00201
n.00282
0.01579
0.08063
Ac
(km/sec)
0.00060
0.00071
0.00078
0.00084
0.00097
0.00109
0.00294
0.01179
Permutation: Derth changes frori .5 to 15 '<m
MAL EC
0.00036
0.00071
0.00129
0.00202
0.00449
0.00865
0.48869
0.48910
0.00036
0.00040
0.00045
0.00052
0.00077
0.00119
0.03220
0.02530
0.00411
0.008n2
0. 01453
0.02260
0.04768
0.08260
0.37877
0.38262
0.00770
0.00835
0.00942
0.01081
0.01515
0.02101
0.04636
0.03685
Period
(sec)
225
150
100
75
50
40
20
17
225
150
100
75
50
40
20
17
TRN
0.00126
0.00245
0.00439
0.00676
0.01394
0.02407
0.44789
0.46011
0.00359
0.00387
0.00433
0.00491
0.00673
0.00930
0.08326
0.06730
----------
Table 3.8 contd.
Event: 17 May 1964
Permutation: Dip changes from 760
MAL
A$O
(cycles)
0.00108
0.00238
0.00408
0.00572
0.00909
0.01181
0.03120
0.04563
Ac
(km/sec)
0.00183
0.00223
0.00238
0.00247
0.00260
0.00270
0.00344
0.00396
SCP
A$O
(cycles)
0.00097
0.00214
0.00367
0.00514
0.00817
0.01061
0.02813
0.04159
Ac
(km/sec)
0.00127
0.00155
0.00166
0.00171
0.00181
0.00188
0. 00240
0.00279
BEC
(cycles)
0.47056
0.434)5
0.38878
0.34777
0.27837
0.23568
0.08078
0.02657
Ac
(km/sec)
0.84892
0.43651
0.24290
0.15044
0.08528
0.05779
0.00953
0.00247
to 060
Per i od
(sec)
225
150
100
75
50
40
20
17
152
PERIOD (sec)
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FIGURE 3.1 Equal energy contours of the records viewed
in the period vs. group velocity plane.
Contours are at 2db intervals. The dashed
lines for MAL (2 June 1965) indicate the
center and bounds of the time variable -filter's
cosine window.
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CHAPTER 4. THE EFFECT OF PROPAGATION ON
RAYLEIGH WAVE AMPLITUDES
4.1 Introduction
The dominant features of Rayleigh waves from mid-
Atlantic ridge earthquakes can be described using a
laterally homogeneous, non-attenuating medium with a shal-
low point dislocation source (Chapters 2 and 3). A few of
the observations are not consistent with such a simple
model. Shallow dip-slip earthquakes should excite short
periods. In general, we do not see periods shorter than
about 15 sec. We also see evidences of interference. Such
observations are inconsistent with a laterally homogeneous
medium.
In this chapter we will explore possible mechanisms
which can give rise to some of these observations. We will
discuss the effects of sediments on the Rayleigh wave in
some detail. We will conclude that the sediments do, in
some cases, significantly affect the Rayleigh waves with
periods as long as 40 to 50 sec. We will also conclude
that the sediments may be responsible for filtering out the
short period Rayleigh waves. We will conclude that when
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observed, the oscillatory behavior of amplitude is due to
interference of the primary Rayleigh wave with a scattered
Rayleigh wave. We suggest that the ridge may scatter energy
into the ocean basin. However, no single point on the
ridge can serve as the scattering source. Island structures
also appear to be sources of scattered Rayleigh waves.
4.2 The Effect of Sediments
The addition of a low-rigidity layer to an ocean
structure can give rise to several changes in the Rayleigh
wave character. Sykes and Oliver (1964a and b) have studied
the presence and nature of higher mode Rayleigh waves,
which result from the inclusion of oceanic sediments.
4.2.1 Low-rigidity Layer Over a Half-space
To understand the effect of the sediments, we will
simplify the model to include only a low-rigidity layer
overlying a half-space. Many of the features inherent to
Rayleigh waves for this simple case are directly related
to similar features of a more complicated layered half-space
with a superficial water layer.
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Several authors have analytically studied a variety
of simple models appropriate to our discussions (Tazime,
1958, 1959, 1962; Ohta, 1962; and Mooney and Bolt, 1966).
In the first of these papers Tazime (1958) investigated the
nature of the M and M2 branches of the Rayleigh wave
equation for a plate as the Poisson's ratio approached 0.5
(liquid case). He found that the fundamental mode of each
branch did not uniformly approach the fundamental modes for
a liquid plate. Instead, the fundamental modes of the
liquid plate must be constructed from a superposition of
the fundamental and higher modes of the solid. These
branches of the wave equation for plates can be related to
Rayleigh waves for a layer on a half-space (Ewing, Jandetzky
and Press, 1957). In a similar fashion, as the shear
modulus of a surface layer approaches zero, the fundamental
Rayleigh wave does not approach that of a liquid layer
overlying a half space. Again, we must superpose the
fundamental and higher modes (Tazime, 1962). Figure 4.1
(from Tazime, 1962) illustrates this point. The solid
curves are group velocities for Poisson's ratio in the
layer, a, of .48. The chain curves are for a = .5
Another interesting feature of the Rayleigh wave for a
low rigidity layer over a half-space concerns the particle
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motion. Ohta (1962) points out that the surface particle
motion for the fundamental mode changes from retrograde to
prograde and then to retrograde as period decreases. The
frequency extent of the prograde region depends on the layer
thickness and shear velocity. In addition, the vertical
displacement for some frequencies has a zero crossing with
depth. These features are generally associated with higher
modes. However, the fundamental mode phase velocity is
always lower than that of the higher mode in these cases.
The higher modes may have retrograde surface motion and no
zero crossings in the vertical displacement.
Mooney and Bolt (1966) suggest that the parameter
ST/H is largely independent of the model details, where 5
is the shear velocity of the low-rigidity layer, H is its
thickness and T is period. Tazime (1962) finds large
effects for TS/H = 4/(2m+l) and Ta/H = 4/(2n+l), where a
is the compressional velocity. These periods correspond
to internal reflections in the low rigidity layer of P
and SV waves (Sykes and Oliver, 1964). In Figure 4.1 the min-
imum for the group velocity of the fundamental mode
corresponds to TB/H ~ 4 since ~ 5. In addition, we see
that this period is longer than the cut-off period of the
first higher mode. The phase velocities corresponding to
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the group velocities of Figure 4.1 are presented in Figure
4.2. These are also from Tazime (1962) and the different
m correspond to the dispersion of Love waves when p2/Pi
become infinitely large. As we can see, the Rayleigh modes
approach these curves.
4.2.2 Observation of Sediment Effect at Long Periods
We have analyzed the Rayleigh waves from four mid-
Atlantic ridge earthquakes at several circum-Atlantic
stations. The location of the events and other relevant
information is given in Table 2.1 with maps in Figures 2.4-
2.7. A map showing the sediment thickness in the North
Atlantic is given in Figure 3.21. We see that the paths
to TRN have a large portion of thick sediments. The path
from event pair I probably has smoother sediments close to
TRN than does the path from event pair II, which may be
influenced by the very thick sediments in the eastern
section of the Puerto Rican trench.
In Chapter 3, we concluded that the phase velocity to
TRN was consistent with a sediment shear velocity of .5 km/sec.
The sediments close to TRN for the path from event pair I are
about 5 km thick. These values imply that we should see
strong effects of the sediments for Rayleigh waves with
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40 sec periods. In Figure 4.3 we show the difference
between the observed phase of the vertical and horizontal
components for three of the events. There is a consistent
shift in the phase difference at .025 Hz (40 sec). At
longer periods the phase differences are close to Tr/4,
indicating retrograde motion. At shorter periods, the
phase differences for the 2 June 1965 event and the 19 June
1970 event increase. We should note the amplitudes given in
Figure 4.23 before relying on the behavior of the phase
at the short periods. The 17 May 1964 event exhibits
relatively low amplitudes at .04 Hz suggesting that the
phase may not be well determined for these frequencies,
while the phase may be more reliable for the other two
events. The ratios of horizontal to vertical time-variable
filtered amplitude is illustrated in Figure 4.4 for these
events. Again, we should not rely on the values for
short periods of the 17 May 1964 event. Also included in
the figure are the theoretical values for a 5 km sediment
layer with a .5 km/sec shear velocity. The different modes
will be discussed shortly. At periods shorter than 35 sec,
the general shape of the theoretical curve and the observa-
tions for event pair I agree. The very large increase in
the ratio of the theoretical values at 40 sec are not re-
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flected in the data. The theoretical values correspond to
the top of the sediment layer. These large values are not
persistent over depth and the station is not sitting on the
sediment deposit. Furthermore, the lateral extent of the
thick sediments is only a few wavelengths at these long
periods. Thus, we might not expect to see the vertical
amplitude go to zero.
Also indicated on this figure is the sense of ground
motion which is either prograde or retrograde. We see
that for periods longer than 40 sec, the motion is retro-
grade, while there is a substantial portion of the period
range shorter than 40 secwith prograde motion. Relating
the theoretical value to the observed value is complicated
by the presence of more than one mode. If we do not
isolate a single mode, we can get interference from the other
mode. The observed relative phase shift at 40 sec suggests
that we are seeing effects of the prograde motion, but that
we may also be seeing contamination of higher modes.
To explore the existence of the higher modes more
explicitly, note the theoretical dispersion relations in
Figure 4.5 for this earth model. We see that the phase and
group velocity decrease sharply as the period decreases
towards 40 sec. At shorter periods, the first shear mode
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exists and its group velocity initially increases sharply
with decreasing period. We can compare this phenomena
with the observed group velocity obtained with the technique
of Dziewonski et al (1969). The observations at TRN for
event pair I are illustrated in Figure 3.6. The contours
represent equal energy levels. We see a very strong sugges-
tion of the higher mode arrival with the characteristics
of the theoretical curves in Figure 4.5. Indeed, if we
examine the other Caribbean stations (CAR, BHP, LPS) of
Figs. 3.1-3.8 for both event pairs, we again see a suggestion
of this higher mode arrival. In addition, we should note the
relatively long period corresponding to the steep portion
of the group velocity curve. The phase velocities observed
for BHP and CAR for event pair I (Figure 3.14) exhibit a
slight discontinuity at about 40 sec. We can interpret
this discontinuity as a transition from the fundamental
mode to the first shear mode. The non-uniformity of this
observation for all Caribbean stations precludes a defini-
tive conclusion.
4.2.3 Short Periods
The amplitudes of Rayleigh waves from mid-ocean ridge
earthquakes are generally low for periods shorter than 15
sec. This observation led Tsai (1969) to conclude that
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dip-slip events must be very deep (45-65 km) since shallow
dip-slip events efficiently excite these short periods.
The strike-slip events, on the other hand, could be shallow
since the amplitude spectrum has a node at short periods.
In Chapter 2, we conclude that the four mid-Atlantic ridge
earthquakes of Table 2.1 were shallow. Our conclusion was
primarily based on phase information.
The amplitudes for these events as a function of
frequency for all stations are compared with the theoretical
values in Figures 2.14-2.25. Here we display the dis-
placement spectral density of the unfiltered record with
corrections for instrument and geometrical spreading. The
high frequencies are not observed for the dip-slip events
even though they should have been generated.
To calculate the theoretical amplitudes, we were
required to assume a medium model. The model for these
figures was the Harkrider-Anderson (1966) oceanic model.
In Figure 4.6 we compare the theoretical amplitudes cal-
culated using this model and using the oceanic ridge model
deduced in Chapter 3. The curves may differ in detail, but
we see that the high frequencies should be excited re-
gardless of the model.
There are several features of the observed amplitudes
that suggest that the absence of high frequencies is a path
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effect and not a source effect. The character of the high
frequency amplitudes for strike-slip earthquakes should
differ from that of dip-slip earthquakes. If we compare
the amplitudes for the two events of a pair, as observed
at each station, we see that they are very similar at the
short periods. This observation is particularly true for
event pair I for which the paths to each station from the
two events are almost identical.
The high amplitudes observed at PDA for the event 19
June 1970 persist to shorter periods than at MAL and PTO,
which are at about the same azimuth from the event as PDA.
This observation suggests that high frequencies were lost
from the signal along the path from PDA to PTO. Similarly,
the stations around the Caribbean region exhibit low
amplitudes at longer periods than most of the other stations.
Such behavior is difficult to explain as a source effect
especially since it appears to be mechanism-independent.
An analysis of the Rayleigh waves for cross-Atlantic
paths reveals that the short periods are lost in transit.
Relevant maps for the paths analyzed are shown in
Figures 2.36 and 4.7. For each of the four events, the
Rayleigh waves recorded at two stations along a great circle
path were examined. The Rayleigh wave amplitudes are shown
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in Figure 4.8. It is very clear that the amplitudes at
short periods were lost between the stations. We conclude
that the low amplitudes for short-period Rayleigh waves
from mid-ocean ridge earthquakes do not contradict shallow
focal depths.
We wish to suggest that sediments may be responsible
for the loss of short-period Rayleigh waves. The mechanism
can be either attenuation related to the low Q of sedi-
ments or reflection due to the change in the displacement
and stress eigenfunctions as the sediment thickness and
properties change.
We have investigated the effect of various thicknesses
and shear velocities of a sedimentary layer on the Rayleigh
wave. We assumed that the crust and upper mantle can be
described by the normal ocean basin model deduced in Chapter
3. As discussed earlier, the Rayleigh wave is affected for
periods in the neighborhood of T where
4H
T ~ (4.1)
H being thickness of sediments with shear velocity, S.
Here, we will discuss sediment models with T = 10, 15 and
30 sec. The models are described in Table 4.1. The group
and phase velocities for these models are illustrated in
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Figure 4.9. These curves were generated numerically and
it was not always possible to follow a single mode, since
neither polarization nor the number of zero crossings of the
eigenfunctions can be used as diagnostics. The depth
dependence of the eigenfunctions for selected periods are
shown in Figures 4.10-4.13.
We see that the sediments have very significant
effects. For case I (of Table 4.1) the group velocity for
a wave with a period of 15.1 sec is extremely low. Further,
the vertical displacement eigenfunction has a zero crossing
with depth. The first shear mode, corresponding to the
sediment-induced higher mode, does not exist for this period.
Thus, a 15.1 sec Rayleigh wave incident on such a medium
will see a large impedance barrier. The same type of
effects are observed for model II. For the period range
16.0-16.2 sec, we found no Rayleigh wave with a phase velocity
greater than .5 km/sec and slower than the M21 mantle
higher mode (phase velocities of these modes corresponded
to Harkrider's (1970) M21 mode). The eigenfunctions for
a 17 sec period can serve as a reference for both model
I and II since it is altered only slightly by the sediments.
The Rayleigh waves with periods from about 15.5 to 16.3
sec will experience a large impedance mismatch when they
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travel from a sediment-free region to a region with sediments
described by this model.
Models III and IV also give rise to variations in the
eigenfunctions for periods close to the critical period.
The 10 sec eigenfunctions for model IV are compared with
the eigenfunction with no sediments in Figure 4.10. We
see large differences in shape of these curves in addition
to their amplitudes. If the period is changed by a second,
the two sets of eigenfunctions become quite similar.
In the above analysis, we implicitly assume that the
heterogeneous medium can be described by two infinite
laterally homogeneous quarter spaces in contact. Then, by
finding the normal modes for each of the quarter spaces,
we conclude an impedance mismatch if the stress and dis-
placement distributions are different. We see that the
band width of the Rayleigh wave which is severely affected
by the sediments does not exceed 1 sec. Using equation 4.1
we find that for a given period the eigenfunctions will be
affected by the sediments of thickness H . The total
thickness variation which will affect a given period cannot
exceed 10-100 meters. Consulting the isopach map in Figure
3.21 we see that such small variations in sediment thickness
is accomplished over a very short distance for the deeper
189
sediments and somewhat longer distances for shallow sedi-
ments. For the above assumptions to be valid, the width of
the region affecting a given period Rayleigh wave must be
large compared with the wavelength. Indeed, this assump-
tion is not valid for most periods. For 15 sec waves, the
wavelength is about 60 km, while the wavelength of 10 sec
waves is only 20 km. We might expect an impedance mismatch
to be more effective in eliminating the short periods than
the longer periods. We conclude that it may be possible to
scatter short-period waves and transmit long-period waves
into higher modes as observed at TRN.
The absence of short-period Rayleigh waves may also
be attributable to attenuation associated with low Q
sediments. The effective quality factor of Rayleigh
waves, QR' can be related to the shear quality factor of a
layer, Q, by the relation
-1 -1 Dc 4 2 a 3c(
QR =ii Q ( )2 ] (4.2)R p c 3 3 c Kul
where 6 is shear velocity, a is conmpressional velocity
and the partial derivatives are defined for a uniform layer
(Anderson et al, 1965). Then the amplitude at distance
x is given as
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T x
A(x) = A e T U QR (4.3)
where T is period and U is group velocity. Using a
computer program of Saito (Saito, 1967), we calculated
the partial derivatives for the sediment models of Table
4.1. The ratio A/A0 for models I, II and IV are given in
Figure 4.14 for various values of x/Q. We used the Rayleigh
wave modes that most nearly approximate the modes of a
sediment-free ocean for these calculations. When a lower
mode exists, it has much more energy in the sediments
and is attenuated faster. The calculations may not be pre-
cise at the period critically distributed by the sediments
since the eigenfunctions will vary considerably with small
changes in properties. We should first compare models I
and IV. They have the same shear velocities and their
corresponding T'0 s are on different sides of the Airy
phase. We note that the model with T0 on the short period
side of the Airy phase is much more effective in attenuating
the Rayleigh wave. In addition the period range affected
is broader. This observation suggests that the short
periods can be attenuated more effectively than the longer
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periods for a given sediment shear velocity. Next let us
compare models I and II. Here the T 's are the same, only
the thickness and shear velocity are changed. We see that
thicker sediments are much more effective in removing the
short periods.
There is strong evidence that suggests that the Q
of sediments is of the order of 10-20. Kudo and Shima
(1970) measured the attenuation of shear waves in soil in
situ to depths of 40 meters. They found that the Q was
fairly frequency-independent between 30 and 80 Hz with
indications of decreasing Q with decreasing frequency.
For different soils, the value of Q ranged from 5 to 20.
Tullos and Reid (1969) measured the attenuation of P-waves
in sediments in situ to depths of 1000 feet. The Q for P
waves ranged between 70 and 200 for 50-400 Hz. The re-
4 2
sulting Q is equal to Q % .2 if the loss mechanism is
due to shear only. Boore and Warrick (1972) reported a
sediment Q from short-period Rayleigh waves in the
San Francisco Bay of 10-25.
To summarize, let us define three types of sediment
regions and see how effective each mechanism will be in
eliminating the high frequencies. The first region has
a very flat sedimentary layer where the thickness varies
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quite slowly over several wavelengths. Reflection will
not be very effective in this region since the eigenfunc-
tions are changing sufficiently slowly. Attenuation will
be quite effective with the major loss of energy at periods
in the neighborhood of T0 . If the sediments are thick,
then the band width of the attenuated energy will be
large extending from T to shorter periods. If T is
less than the period of the Airy phase, the bandwidth will
again be large.
The second region is one where the sediments
increase in thickness more rapidly over several wavelengths.
In such a case, the eigenfunctions do change suddenly and
the length of path with anomalous eigenfunctions is at
least a few wavelengths. These conditions give rise to
significant loss of energy due to reflection. Attenuation
will also be effective with the same characteristics
described above.
The third case is characterized by even larger changes
in sediment thickness with distance. Now the higher modes
are generated within a wavelength of the region where the
fundamental mode eigenfunctions change in character. These
higher mode exhibit eigenfunctions very similar to the normal
fundamental mode and the energy can easily be transferred from
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one to the other. In this medium, attenuation
will not be important as the previous cases since atten-
uation requires a reasonably long path with a constant T .
The ratio of shear velocity to sediment thickness
appears to be a dominating variable. Reported sediment
shear velocities range from .05 to 0.7 km/sec. Sykes and
Oliver (1964b) modeled the sediments in the Argentine
Basin with a shear velocity of .2 to .4 km/sec in the upper
1/2 km and .5 to .7 km/sec below this layer from Love and
Rayleigh dispersion. Anderson and Latham (1969) concluded,
from observations of the first shear mode, that the
average shear velocity for 150-meter thick sediment layers
in the Atlantic was .075 km/sec. Davies (1965), using
Stoneley waves, obtained shear velocities increasing from
.05 to .19 km/sec in the upper 16 meters of sediments in the
Indian ocean. Hamilton et al. (1970) estimated shear
velocities of .1 to .2 km/sec from Stonely waves. SH wave
velocities obtained by Kudo and Shima (1970) for soil
range between .1 and .4 km/sec. These values may be applic-
able to saturated sediments as Nur and Simmons (1969) have
shown that the presence of water does not affect the shear
velocities in rocks.
Let us now return to our observations. The short-
period amplitudes for our four mid-Atlantic ridge earth-
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quakes can be compared with the theoretical values in Figure
2.14-2.25. Note the amplitudes for the four events
recorded at BEC. The short periods for the pair I events
both exhibit a minimum in the amplitude at about .08 Hz
with more energy at both longer and shorter periods. The
16 November 1965 recording does not indicate the increase
in energy at the high frequencies and the 17 May 1964 event
does not lack energy at these short periods. Observe the
sediment distribution for these paths in Figure 3.21. The
Rayleigh waves from the pair I events travel a great dis-
tance with very thin sediments and then the sediments
thicken rather quickly. The 16 November 1965 path indicates
a more gradual increase in sediment thickness over the
entire path while the path from 17 May 1964 has a very
sharp increase in thickness quite close to the event. As
we have suggested, the path with the most gradual increase
in sediment thickness (16 November 1965) has lost the
high frequencies over the widest bandwidth. The pair I
events with the thin sediment layer lost energy over a
narrower bandwidth. The waves from 17 May 1964, which
experienced virtually no sediments shallower than 200 m
does not appear to have lost any high frequencies.
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It is instructive to compare the velocity of the
energy arrivals at short periods at BEC for the 2 events
of pair II. These contours are given in Figure 4.15.
We see that the 16 November 1965 has a very well defined
region where the group velocity is very steep. The 17 May
1964 record does not indicate this portion of the curve.
Instead these short-periods are arriving at a much faster
group velocity. We conclude that Rayleigh waves were able
to transform from the fundamental mode to the first shear
mode since the sediment thickness changed so rapidly along
this path.
Now let us turn our attention to stations where the
waves travelled great distances through thick sediments.
Such stations include TRN, CAR, LPS etc. In these cases,
for all events, the short periods have been erroded very
effectively. This is consistent with attenuation due to the
thick sediments.
We can estimate the shear velocity of the sediments
if we assume that the corner frequency corresponds to T0
and knowing the sediment thickness from the isopack map.
We see that the corner frequency for BEC does not
significantly differ from most of the observations in
eastern U.S. (WES, OGD, BLA). Thus, it appears that most
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of the short periods are lost well out in the ocean. The
sediment thickness, as indicated by the isopach map of
Figure 3.21, does not exceed .5 km in this region. However,
Ewing and Ewing (1959) have reported refraction data indi-
cating thicknesses of as much as 1 km east of Bermuda. For
a 1/2 km thickness, a corner frequency of 15 sec would
correspond to a shear velocity of about .13 km/sec. As the
sediments thicken to the west of Bermuda, their shear
velocities and Q may also increase. The path to PDA for
19 June 1970, which experiences only about .3 km of sedi-
ments, transmits higher frequencies than observed at most
of the other stations. Here we would require a shear
velocity of .085 km/sec. The high frequencies observed
at NAT for 19 June 1970 present a problem in the present
analysis. While the isopach map does not extend that far
south, there are indications of very thick sediments along
this path. The sediment thickness reported by Hayes
and Ewing (1970) for the region north of Brazil support
the contention of thick sediments in this region. The record
for the 16 November 1965 event at NAT does not indicate
such high amplitudes at these short periods.
Short period fundamental mode Rayleigh waves have
been observed in the Pacific. Mendiguren (1971) reported
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large amplitudes for 13 sec Reyleigh waves at GIE for a shock
in the Nazca plate. Forsyth (personal communication)
observed large amplitudes at the same station for 12 sec
Rayleigh waves. The event occurred Oct. 12, 1964 on the
east-Pacific rise about 4000 km from GIE. Ewing et al.
(1969) present as isopach map of the south Pacific. The
path to GIE from these events appears to be reasonably
devoid of sediments except very close to the station where
they may accumulate to .2 km thickness.
Sediments may be responsible for the absence of short-
period Rayleigh waves in the Atlantic ocean. The thinner
sediments appear to be the most effective in removing these
short periods. Either reflections or attenuation may be
the mechanism. As the sediments become thicker, they
probably also become faster with a higher Q.
4.3 The Effects of Lateral Heterogeneities
The Rayleigh wave amplitudes, for periods greater than
20 sec, are generally consistent with a point dislocation
source in a laterally homogeneous medium. There are notable
exceptions that we wish to discuss here. These exceptions
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are characterized by a significant sinusoidal frequency
dependence of amplitude and phase.
The observed amplitudes of the time-variable filtered
Rayleigh wave are given in Figure 4.16-4.25 . No corrections
for instrument nor geometrical spreading have been made in
these figures. In this section, we will direct our
attention to the stations BEC, SHA, ATL, SCP and OGD for
the event of 17 May 1964 as well as MAL for this event and
TOL for 16 November 1965.
We will begin by directing most of our comments to
the first group of stations. The epicentral distances to
these stations range between 2600 and 4800 km while they
span 20* in azimuth. Each station exhibits large amplitude
fluctuations. A very interesting feature of these
fluctuations is the correlation of the peaks and troughs.
In fact, their periods are almost identical for all stations
with no apparent correlations with azimuth or distance from
the event.
The strong variations of these amplitudes with frequency
implies that the Rayleigh wave is interferring with some
extraneous signal. In such cases the Rayleigh wave spectra
is modified to
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A(W) = A (W) 1l + I B(W) e 1 (4.4)
Pilant and Knopoff,(1964), where A is the complex spectrum
of the undisturbed Rayleigh wave, B is the amplitude of
the extraneous signal and T is its time delay with
respect to the same frequency Rayleigh wave. T will be
dependent on frequency if the extreneous wave has a dif-
ferent dispersive character from the Rayleigh wave.
Several types of extreneous signals may give rise to
our observations. A second earthquake could have occurred
in the same place. The body waves could be masked in the
coda of the first event. Then, if the mechanisms were the
same, T would be just the time separation of the two
events. We looked for evidence of a second event on
17 May 1964. None was found. We also looked at the record
at OGD for an event (18 November 1970) occurring very close
to the 17 May 1964 event. The Rayleigh wave time records
for the two events matched peak for peak and beat for beat
through the first 15 minutes of the wave train. A spectral
analysis would yield the same interference phenomena.
Thus, unless two events always occur at this fracture
zone with the same time separation, we can dismiss this
possibility.
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The extreneous wave could be a higher mode Rayleigh
wave. In such a case T would be frequency-dependent and
the peaks of the amplitude spectrum would be unevenly -spaced.
However, the group velocity of the higher mode Rayleigh
wave is significantly different than for the fundamental
mode. We would probably be able to identify it with the
group velocity analysis. If a higher mode stil evaded
our inspection and time-variable filtering, it would give
rise to a strong dependence of the peak and tkough positions
on epicentral distance. We do not see any distance
dependence of the spectra. We conclude that the extrane-
ous wave is not a higher mode Rayleigh wave.
The only remaining possibility is that the extraneous
wave is a Rayleigh wave which has been delayed relative
to the primary Rayleigh wave. A delayed arrival can re-
sult if Rayleigh wave energy is scattered from some
lateral heterogeneity. No single scattering point can
give rise to the observed regularity. Observations
indicate identical T's. Thus, the extra path length must
be the same to allstations. Since the stations span such
a broad azimuth zone the only single point that would
yield similar T's is a point behind the earthquake as
viewed from thestations. It is difficult to back scatter
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so much energy.
Additional insight into the location of the scatterer
may be gained by comparing this event to the other three
that have been studied. In so doing, we find that this
is the only event which has a radiation lobe directed along
the ridge. Since the fracture zone is roughly east-west,
there will be a maximum in radiation to the southwest along
the ridge. Capon (1970) observed late arrivals of Rayleigh
waves whose travel times and directions were consistent
with scattering from mid-ocean ridges. If the Rayleigh
wave is being scattered from the ridge in our case, it
cannot be scattered from only one point. Probably the
ridge will scatter the wave along its extent. Since so much
energy is traveling along the ridge, the scattered
Rayleigh wave has fairly large amplitudes.
The above argument is overly qualitative. However,
the nature of the problem is very complex and difficult
to quantify. Rayleigh waves are defined for a laterally
homogeneous half-space. To treat scattering exactly, we
must define impedance from the vertical stress and displace-
ment fields.
While the peaks and troughs for 17 May 1964 match
over a wide azimuth range in eastern U.S., they do not
exhibit this coherency in Europe. MAL shows large amplitude
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fluctuations for this event while TOL does not. This obser-
vation suggests that the scatter is not close to the event.
The path to MAL passes through a region of islands
(Azores). McGarr (1969) showed that Hawaii could be re-
sponsible for amplitude fluctuations observed in the U.S.
for events in the western Pacific. The path to TOL for
16 November 1965 passes through the same region of islands
as that to MAL for 17 May 1964. We see that the amplitude
at TOL for this event (16'November 1965) has very similar
features to the 17 May 1964 amplitude at MAL. We conclude
that these islands are responsible for scattering the
Rayleigh wave and introducing multi-path effects.
4.4 Conclusion
The oceanic path does affect the Rayleigh wave in many
ways. The short periods are lost during propagation.
Evidence from both mid-Atlantic ridge earthquakes and
cross-Atlantic paths conclusively shows that the absence
of short periods is a path effect. We have suggested that
sediments are responsible for the absence of these short
periods either due to reflection or attenuation. If such
is true, the thin sediments appear to be most efficient.
203
Thick sediments can severely affect Rayleigh waves
with periods as long as 40 sec. Observations at TRN and
other Caribbean stations are consistent with a sediment
shear velocity of .5 km/sec. The observations include
particle motion analysis as well as higher mode detection
using group velocities.
The interference observed at several stations in
eastern U.S. suggests that the ridge may scatter energy
into the ocean basin. There cannot, however, be only one
point on the ridge which serves as the scatterer. Most
likely is scattering along the full extent of the ridge.
Table 4.1 Sediment models
Thickness
(km)
0.1875
1.875
0.375
Shear
veloci ty
(km/sec)
0.05
0.5
0.05
T (sec)1
15
15
30
IV 0.125
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Number
11 1
0.05
£110
-+ Tv/H
FIGURE 4.1 Group velocity of the Rayleigh wave modes for
a layer over a half-space. The layer's Poisson
ratio is 0.48, the half-space is 0.25. The
densities are equal with a compressional velocity
ratio of 4. The dashed line corresponds to a
liquid over a half-space. (Tazime, 1962).
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FIGURE 4.2 Phase velocities of Rayleigh wave for a layer
over a half-space same model as Figure 4.1.
The "m" curves correspond to the dispersion of
Love waves when the shear modulous ratio of the
layer and half-space are infinite. (Tazine, 1962).
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FIGURE 4.3 Phase difference between vertical and
horizontal component of the Rayleigh wave.
The open circles are from the Fourier
transform of the entire record; the cross are
from the time variable filtered record.
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FIGURE 4.6 Comparison of the theoretical amplitude
generated by an earthquake in a Harkrider-
Anderson ocean and in an ocean with a ridge
structure.
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CHAPTER 5. CONCLUSIONS
Earthquake generated Rayleigh waves contain much
information both about the source and the path. Difficulties
arise when we try to separate these two effects to deduce
information about each. We have been able to effect such
a separation by studying the Rayleigh waves from a pair of
events which are located in the same source region but which
have different focal mechanisms.
The source depth of mid-ocean ridge earthquakes were
accurately determined from the source signature on the
Rayleigh wave. We conclude that the two mid-Atlantic ridge
dip-slip events which we studied were located in the oceanic
crust less than 6 km beneath the ocean bottom. The two
strike-slip events appear to be slightly deeper than the
dip-slip events; however, they may be as shallow as 3
km or as deep as 10 km.
The primary depth diagnostic was the Rayleigh wave
phase. The Rayleigh wave amplitude indicated that the events
are either shallow (less than 10 km) or deep (greater than
40 km), while the phase unambiguously require them to
be shallow.
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The focal mechanism is less well defined by the
Rayleigh waves than is the depth. Nevertheless, some
information about the focal mechanism can be deduced.
The Rayleigh wave phase appears to be useful for
finding relative locations of two events in the same
source region. The phase residuals for one event pair
were more sensitive to location than were the body wave
residuals using the master event technique.
Once the source was well defined, the path effects
could be discerned. The most easily interpreted path
effect is the phase delay due to propagation. We found
strong evidence for a 40 km thick oceanic lithosphere when
the lithospheric bottom is defined by the shear velocity
reversal. The lid shear velocity was 4.7 km/sec at the
bottom. The ridge is characterized by a much lower shear
velocity than the ocean basin for depths greater than about
20 km.
The accuracy of the phase velocities are limited by
the accuracy of the earthquake location and origin time.
For most stations the phase velocities may be in error by
no more than .02 km/sec for the period range 20 to 100 sec
while the error for the closest stations may be as much as
.04 km/sec.
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Oceanic sediments play a very major role in determining
the character of the observed Rayleigh wave. The path phase
delay is significantly increased when there are sediments
a few kilometers thick along the path. The observed
phase velocities which varied laterally by .5 km/sec at 20
sec and .05 km/sec at 100 sec, could be explained entirely
as due to the lateral variations in the sediment thickness.
Sediments can influence the particle motion of the
Rayleigh wave as well as the ellipticity. Observations
at the station TRN for all events indicated such sediment
effects for 40 sec period Rayleigh waves. The group
velocity curves supported the other observations with
strong evidence for an inversely dispersed higher mode
at these periods.
The sediments appear to be very effective in shaping
the Rayleigh wave amplitude spectrum for periods shorter
than 15 sec. The amplitude spectra observed at stations
on both sides of the Atlantic for non-Atlantic earthquakes
indicate that these high frequencies are indeed lost in
transit. Thus, the general absence of the high frequencies
for Atlantic events does not imply that they were not
generated. Theoretical studies show that the sediments
can eliminate the short period Rayleigh waves by either
attenuation or reflection. The important parameters appear
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to be the sediment shear velocity, the sediment thickness,
the Q of the sediments, and the lateral gradient of the
sediment thickness. If the sediments thicken quickly
from the source, short periods can be transmitted in the
first shear mode. If the sediments are very thick,
attenuation can effectively remove all short period
Rayleigh waves. Examples of various cases were found and
an examination of an isopach map resulted in a good
qualitative agreement of the observations with the
expectations.
The Rayleigh waves at some stations had indications of
interference. We suggest that the ridge may be responsible
for scattering energy into the ocean basin. However,
no single point could be responsible for the observations
indicating that the energy may be scattered along the
extent of the ridge. Island structures may also be re-
sponsible for scattering the Rayleigh waves.
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